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The Thomson Effect. I 


I.—THE INFLUENCE OF STRAIN ON THE THOMSON EFFECT. 
By Huau E. Smira, B.Sc., Research Student at Birkbeck College. 


ABSTRACT. 


The influence of tension on the Thomson effect in wires has been investigated by Nettleton’s 
method. For pianoforte steel, charcoal iron, constantan and nickel, the Thomson coefficient 
numerically decreases with tension until the elastic limit is reached, after which it increases. 
With removal and restoration of tension a new definite cycle is followed. The Thomson effect 
in tungsten, here measured for the first time, increases with tension and also follows a cycle. No 
change in the Thomson effect is noticed in brass or German silver. Heterogeneity was not 
ptesent in the specimens investigated. 


INTRODUCTION. 


CON SIDERABLE attention has been given of late to the effect of strain and 
torque on the thermal and electrical conductivities of metals, and in May, 
1923, Dr. H. R. Nettleton—under whose guidance this research has been carried out 
—suggested to the writer the probability that strain and torque would cause an 
alteration in the value of the Thomson effect. Accordingly preliminary experiments 
were made in the summer of 1923 by reversing the heating current in a wire of 
constantan passing through two copper blocks and thereby observing the relative 
deflections on a sensitive galvanometer due to the change in resistance of two 
detecting coils situated respectively at the quarter and three-quarter positions 
between the isothermal copper ends and connected to adjacent arms of a Wheatstone 
Bridge. Such changes in temperature are proportional to the Thomson effect 
divided by the thermal conductivity of the wire. The experiments were of value 
in showing in the first place that as the effects of tension and torque on o/k were very 
small, the absolute method of measuring o would have to be pushed to the extreme 
limits of sensitivity ; in the second place that exceptional care would have to be 
taken in the fixing of the wire through its ends. In view of the difficulty of the work 
—all measurements having to be taken between 10 p.m. and 7 a.m.—it was found 
advisable to limit the work to the effect of tension at one temperature only. 


METHOD AND APPARATUS. 
The method of measuring the Thomson effect is that fully described by 
Nettleton,* and recently used by Young.f Nettleton has shown that if a wire of 
sufficiently small length be fixed between isothermal-equipotential ends maintained 
at temperatures 0, and 0, respectively and transversed by a current Cy, it is possible 
to reverse and raise the current to a value C, without producing any change in the 
temperature of the wire. Under such conditions, with justifiable accuracy 
o=R(C,—C,)/J(92—8)), 

where o=Thomson effect at a temperature (0,—6,)/2, 
jJ=number of joules equivalent to one calorie, 
R=actual resistance of the wire. 


R and C,—C, may be measured with great accuracy. 


* Proc. Phys. Soc., Vol. 29, p. 16 (1916), and Vol. 34, p. 77 (1922). 
+ Proc. Phys. Soc., Vol. 37, p. 145 (1925). 
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D for the heating current. The two sections P and Q were clamped together by four 
“screws and bolts, thus squeezing the experimental wire tightly in its hole A. 
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Though this method together with its circuit has been adhered to, er 
modifications have been found to be necessary in the actual apparatus a vie | 
of the fact that tension has to be applied ; such modifications are describe ‘3 ey ( 

The isothermal-equipotential ends each consisted of two ang ee a 
copper (P and Q, Fig. 1), having a hole A bored in the plane of section X. che = : . 
less diameter than that of the wire it was to take. Parallel and close a is ho a 
were larger bores B, which could be connected to one another by means cea 
copper pipes for steam or water heating. There was also a third hole or the 


potential lead, which could be clamped by means of a copper screw, and a terminal | 


Tests wee made to show whether these ends were truly isothermal. Currents 
up to 5 amperes were run for some time in a dummy wire fixed between them and : 


Bical, 


the thermal electromotive force across the ends balanced on a bridge. The current 
was then switched off and the fact that no change in the balance occurred showed 
that any heating at the ends was at once entirely dissipated. In this work the 
heating current run in obtaining the value of C,—C, was only 2 amperes and 1:0183 
amperes for the determination of R. 

“*¢ The wire—one end of which was fixed—was capable of being placed under 
tension by means of a differential screw with a 200 lh. spring balance attached to 
the other end (see Fig. 2). A movable platform on rollers supported the heavy 
copper ends, thus preventing them from bending the wire. The detecting coil, 
of rather more than one-third the length of the operative part of the wire, consisted 
of two layers of non-inductively wound silk-covered copper S.W.G.44, which was 
coated with an insulating enamel to prevent displacement. To prevent any pro- 
gressive zero shift of the galvanometer spot, due to the warming up of the two layers 


: The Thomson Effect. 1 


‘of wound wool and cotton-wool surrounding the wire and coil, an external com- 
\pensating coil, suitably thermally lagged, was used; in later work, however, the 
‘best device was found to be a coil of a single turn wound directly upon one end of 
ithe detecting coil, with their leads brought out side by side, embedded in cotton- 
‘wool. The external compensating coil could be used in conjunction with this, but 
vexperience showed it to be unnecessary. 


Until the later experimental stage large capacity accumulators were not 


| Standard Ohm. (4) 
ie Seeraee | 
4 Parte | 
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available, accordingly an arrangement was adopted whereby the constant heating 
current was taken from the 100 volt mains E. (The circuit is shown in the upper 
part of Fig. 2.) Low capacity accumulators e were placed in a parallel loop of 
negligible resistance (7, say) to give a slight current which rose or fell as the mains 
correspondingly fluctuated, thus maintaining a constant potential difference across 
B2 
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A B, and causing a steady current to flow through the main circuit of resistance 
xsay. Applying Kirchoff’s Laws we obtain 
C= (e+Er,/R) |(ry+%+-714/R) 


—e/x approximately, since 7; is small. 


Also by assuming likely variations of the mains £ it may readily be seen that the 
current in A B remains very nearly constant even when 7, is fully taken into account, 
providing, of course, it is very small. This arrangement in use was found to be 
quite satisfactory when a steady constant current was required for long periods of 
time. 

HETEROGENEITY. 

The necessity for interchanging the heaters in measuring the Thomson effect 
was first noted by Le Roux,* who attempted to show that the mean value ob- 
tained was the true measure of the Thomson coefficient. 

Youngt has recently found that in the case of carbon steels a considerable 
systematically different value of the Thomson effect is obtained by the 
interchange, which he has shown to be due to the Peltier effect produced inside the 
wire consequent upon its asymmetrical structure. 

When this work was first commenced the result of interchanging the heaters. 
was invariably investigated, but as no effect was found the writer grew to ignore 
its probability. On learning that Young was encountering this effect, the writer 
made very careful studies and it was found that less than 4 per cent. difference 
occurred, save in one piece of the steel wired used. This difference, which is here 
given, disappeared on strain (Table I). It might be added that this particular 
piece was the end and last of that particular specimen of steel wire, which fact 
seems to be in accordance with the experience of Young. 


TABLE I.—Heterogeneous Steel Specimen. 


Tension | | ipa 
x 109 Heater 0, 0, 6.=67— 6 e— Cy R Gage XK 107> 
Hot pass i i 
Dynes /cm.? inamps. | inohms. Calories/coul.-deg. 

OF TaN 99-99 | 11-40 | 88:59 | 0-08060 0-009765 —2-12, 
(virgin) B 99-98 | 11-55 | 88-43 0-06160 | 0-009767 —1-62, 
12 A 99-98 | 11:58 | 88-40 0-06157 0-009809 —1-63, 
B 99-98 | 11-58 | 88-40 | 0-06160 0-009809 — 1-63, 
0 A 99:69 11:90 | 87-79 | 0-06114 | 0-009791 | —1-61, 
B 99-69 | 11-20 | 88-49 | 0-06111 0-009786 | —1-60, 


It is worthy of note, however, that whilst Young experienced a change when 
the wire was under the temperature gradient of its heating current—the ends being 
at the same temperature—the writer has not found this to occur. (The heterogeneous 
specimen mentioned above was not tested in this way before strain.) On occasions 
when a new wire has been put in the ends to replace an old one for testing purposes 
without first obtaining a fresh surface of contact in the ends, it has been found to 


yield inaccurate results. This was put down to the fact that : 
the heat had occurred at P at a film of oxide due to 


* Ann. de Chimie et de Phys., Vol. 10, p- 258 (1867). 
T Loc. cit. 


the points of contact of the isothermal ends and the wire. 


The Thomson Effect. 5 


This is only one case in point, but it was also found that unless exceptional care was 
taken, inconsistent results were easily obtainable as a result of bad ends. Thus it 
| seems possible that heterogeneity, real and pseudo, may easily occur. 

In all the results given below heterogeneity was absent in the specimens within 
the limit given—i.e., a half per cent. This is of extreme importance, as in the steel 


result given below (Fig. 3) the greatest change in the Thomson coefficient, due to a 
) difference of 200 lb. tension on the 18-gauge wire, is only about 44 per cent., whereas 
| heterogeneity was experienced by Young in steel at this temperature, causing up to 
| 50 per cent. change in the Thomson effect. In fact, the largest percentage change 
) observed, which was in tungsten, was only about eight, for the maximum tension 
|) applicable. 
RESULTS. 

The work was handicapped in connexion with certain metals, notably constantan 
and nickel, which commenced to flow under high tension, the wire slipping 
in the ends after a certain tension had been reached, and thus preventing further 
| readings being taken. Slip could at once be detected by the accelerated rise in the 
resistance, which still further increased when the tension was removed. 

Measurements were carried out for pianoforte steel, charcoal iron, constantan, 
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nickel, tungsten, German silver and brass. The operative lengths of the wires were 
from 4 to 5 cm., according to their thermal conductivities. The results for those 
metals which showed a change in the Thomson effect are given in graphs with o 
plotted against the tension, and tables are given of those which remained constant. 

An example is given in the case of steel (Fig. 3) showing the effect of increasing 
the operative length of the wire in an attempt to gain sensitivity. It will be seen 
that an increase of 2 cm. on 5 cm. at once invalidates the assumption that emission 
losses are negligible. 

It will be noticed from the graphs of steel, iron and constantan that a virgin or 
unstrained wire gives quite different results from one which has already been subjected 
to tension. In these virgin wires the Thomson effect NUMERICALLY decreases with 
tension until the elastic limit is reached, at which point it then increases. After a 
maximum strain has been reached, it then follows a definite cycle with the tension, 
decreasing as the tension is lessened, and increasing as the tension is restored. Several 
cycles were made, and were found to be quite definite. Nickel also behaves in a 
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jincandescent temperatures. 
graph, is given here (Table II). The specimen was 99-95 per cent. purity; the 


The Thomson Effect, 


For this reason a short table, 


TABLE II.—Tungst:n. 


oA 
4 


| ike manner, but unfortunately cycles could not be proceeded with owing to the 
wire flowing and thus slipping in the ends, as has been mentioned above. 
The Thomson effect in tungsten has never previously been measured, except at 


as well as a 


Tension 
10? 
dynes/cm.?2 


0 (virgin) 
2-95 
5-90 
8-85 
11-80 

0 


/Coulomb- Degree. 


o-x1o-e Calories, 


N 
~ 


= 
S 


t 
| 


| 
0, GE MR hea yer eg cy nl 6 oe x 10-8 | 
| In amps. | in ohms. Calories/coul.-deg. | 
| | 
99-49 | 11-90 | 87-59 | 0-24156 | 0:003089 | 55-7 +2-03, 
99-47 | 11-92 | 87-55 | 0-24618 | 0:003090 | 55-7 +2-07, 
99-47 | 11-98 87-49 | 0-24905 | 0-003091 55:7 +2°10; 
99-47 | 11:98 | 87-49 | 0-25493 | 0-003103 | 55-7 +2-16, 
99-47 | 12:08 87°39 — 0-26022 | 0-003119 | 55:8 | +2-22, 
99-47 | 12-12 87-35 0-26024 | 0-003089 55-8 | +2-20, 


Impurities being Fe 0-014 per cent., Mn 0-010 per cent., Ca 0-007 per cent., Ni 0-0052 
per cent., with a trace of silicon. 


This was the only metal of positive Thomson 


As (6) 
x 10° Dynes/cm* 
Fic. 7.—TUNGSTEN. 


coefficient investigated ; and, due to the limitation of the tension apparatus available, 
it was impossible to exceed the elastic limit. However, the metal behaved in a 
similar manner to those given above, the Thomson coefficient increasing with tension 
and following a definite cycle on removal and restoration of the strain. 


TABLE III.—German Silver. 


Tension | | | | nee i vate 
10° 0 0 Os—=0 ye ea Sy X 

nica 2 : i | iis |in amps. in ohms. | Calories/coul.-deg. | 
0 (virgin) 100-22 | 9-50 ; 90-72 | 0-1286  0-008454 | 54:8 —2-86, 

2-95 100-21 9-44 | 90-77 0-1287 0:008465 | 54:8 — 2-87) 

5:90 , 100-20 9-50 | 90-70°)  0-1278 0008485 | 54:8 — 2-86, 

8-85 | 100-20 9-52 | 90-68 | 0:1277 0-008515 | 54-8 | — 2-865 

10-62 100-19 O52 . 90-67 | 0-1272 | 0-:008554 | 54:8 | — 2-87, | 

0 | 100-19 9-49 | 90-70  0-1288 | 0:008445 | 548 | — 2:86, | 
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TABLE 1V.—Brass. 


Tension eee R 9 og X 10-8 

pet Di gy epee in amps. in ohms. Calories /coul.-deg. 
dynes/cm.? | | 

| 435 | 565 —0-276, 

| 0 (virgin) | 99-40 | 13:50 | 85-90 | 0-02885 | 0-003435 © ob" pee 

2-95 99-40 | 13-50 | 86-90 0-02882  0-003440 56-5 ee 

5-90 | 99-40 | 13:5) | 85-90 | 0-02868 | 0:003458 56-5 —0- 16 

8.85 99:40 | 13-50 | 85-90 | 0-02831  0-003497 56-5 — 0-276; 

10-03 ' 99:40 | 13°50 | 85:90 | 0-02806 | 0-003525 56-5 —0-275, 

56-5 —0-2763 


0 99-40 13:50 | 85-99 | 0:02874 | 0-003452 : 


Any changes which may have occurred in the Thomson coefficient in German 
silver and brass on the application of strain were very small and within the limit of 
experimental error. k 

In conclusion, the writer wishes to take this opportunity of expressing his 
gratitude to Dr. Nettleton for his great assistance and advice, and of recording his 
thanks to Prof. A. Griffiths, Head of the Physical Dept., Birkbeck College, for placing 
so much apparatus and room at his disposal for such a Jength of time. 


DISCUSSION. 


Prof. A. GRIFFITHS said that the Paper afforded a good example of what could be achieved — 
by an evening student in particularly difficult circumstances. The author had unfortunately 
been compelled, while his work was in progress, to take up a post which obliged him to live in 
Lincolnshire, so that it had been necessary for him to travel,to London night by night in order 
to carry out his experiments. It might be added that the acknowledgment of Dr. Nettleton’s 
assistance was not to be understood as a formal one, for Dr. Nettleton had generously 
accommodated, himself to the unusual conditions under which the work had been carried ont, 
whenever his advice and help had been required. 

Mr. W. A. BENTON asked whether he correctly understood the author to say that the 
cyclic repetitions shown by his curves applied only to specimens which had been strained beyond 
the elastic limit. If so, the result is a very surprising one. When a specimen has been 
stressed it recovers all its ordinary physical properties when the stress is removed, unless the 
elastic limit has been exceeded: is it to be understood that the Thomson coefficient follows 
quite the opposite rule? And has the author made any repeating cycles of observations for 
strains lying well within the elastic limit ? 

Mr. R. S. WurIpprLeé said that the same question had occurred to him, and he would like to 
suggest that the author should try whether the Thomson coefficient was affected by annealing 
a wire which had been strained. It is easy to free a wire from all strain by this process, and 
quite a moderate annealing temperature will serve, a change of 50°C. being sufficient. It 
might be worth while, therefore, to take observations before and after annealing a specimen, 

Mr. J. GuinD said that as the author had asked for suggestions, he would like to make 
} (1) Possibly the difficulty which had been experienced with regard to the slipping of the 
specimens in the clamps could be got over by using very strong spring washers tightened up 
as much as possible, (2) Very fine enamelled wire can be obtained, and as this takes up much 
less space than double-silk covered wires and is otherwise satisfactory, 
suitable for the construction of the detecting coil, 

Mr. F. E. Smira said that as he disliked usin 


to the author the possibility of substituting a resistance method of finding the temperature of 
a specimen. — For this purpose it might be desirable to employ a modification of the Kelvin 
bridge in which, besides the extra mesh ordinarily added at the end of one of the galvanometer 
leads, a further mesh is added at the end of one of the battery leads. He congratulated the 
author on having carried through so much work under such trying conditions, and expressed 


articular i i ‘ : ae 
Pe ae: ar interest in the arrangement shown in Fig. 2 for obtaining a steady current from the 


Mr. JAMES Younc (communicated) : 


two. 


it might be niore 


g thermo-couples himself, he would suggest 


I should like to express my appreciation of the 
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) careful piece of work which Mr. H. E. Smith has carried out on the influence of strain on the 
“Thomson effect. I had the pleasure, some time ago, of seeing his apparatus, and I fully realise 
, the difficult conditions under which he had to work and which he seems to have combated 
successfully by experimenting during the night. His remarks under the heading “ hetero- 
geneity ”’ are of interest to me. I notice (Table I.) that he has detected an asymmetry of 27 
* per cent. in a specimen of steel wire, but unfortunately hasnot giventhe percentage composition 
of the steel. This is important because asymmetry, if it occurs, only becomes marked when 
the percentage of carbon in the steel exceeds a certain value (at least 0-6 per cent.). There 
seem to be two types of asymmetry in wires, which exhibit themselves in Thomson-effect 
measurements. One of these occurs only when the wire is under the temperature gradient due 
to the heaters; the other can be detected even if the temperature gradient is due to the 
‘cutrent in the wire alone. It was the latter of these phenomena which I attempted to 
explain in my recent Paper on the Thomson effect, to which Mr. Smith refers. I have been 
unable to give any satisfactory explanation of the former phenomenon, which when 
present is generally small (about 5 per cent. in iron). ‘The changes due to strain which 
Mr. Smith has detected in charcoal iron are of this order of magnitude and perhaps some 
_ explanation of this type of asymmetry in terms of strains could be given. 

AuruHoR’s reply: In reply to Mr. Benton and Mr. Whipple, the cycles were made after 
maximum tension had been applied—that is, after the elastic limit had been exceeded. With 
| some specimens the cycles were repeated after the interval of some days, and the values pre- 
viously obtained were again recorded. ‘This does not apply to tungsten, where all measurements 
were made with stresses within the elastic limit ; but here again o followed a cycle with removal 
and restoration of tension. This cycle was not repeated after several days. I must express my 
thanks for the suggestions given. 

__ (Communicated subsequently): The suggestions that cycles be made for strains lying well 
within the elastic limit and the annealing of wires were considered, but had not been carried out 
owing to pressure of time, and also in the latter case owing to the fact that an annealed wire tends 
to flow more readily than an unannealed wire under high tension. I agree that experiments 
conducted on these lines would be of value as an addition to those in the Paper. JI thank Mr. 
F, EH. Smith for his suggestion of using a Kelvin bridge in place of the thermo-electric potentio- 
- meter. I would like to point out the following :-— 
1. The T.E. potentiometer allows R and C,—C, to be measured under the temperature 
gradient with great rapidity and an accuracy greater than is required. 

2. The value of the standard ohm is eliminated by using the T.E. potentiometer for R and 
C,—-C,. 

3. The Kelvin bridge requires additional space and apparatus. 

4, Thermo-couples were not employed in this work, though they were used in the other 

Papers referred to in this Paper. 
I greatly appreciate Mr. J. Young’s remarks, but as only one specimen of the steel wire 
exhibited any measurable heterogeneity—which disappeared under tension—I can add no further 
remarks of value, as much further work is necessary in order to investigate any heterogeneity 
which may appear. I regret that the percentage composition of that heterogeneous specimen 
of steel has not been determined. It was ordinary commercial ‘“‘ pianoforte steel ’’ wire. 
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Il.—ON THE FLASHING OF CERTAIN TYPES OF ARGON-NITROGEN 
DISCHARGE TUBES. 


By Wixtiam Crarkson, M.Sc., A.Inst.P., Armstrong College, Newcastle-on-Tyne. 


Received July 10, 1925. 


ABSTRACT. 


The Paper gives an account of investigations on the flashing of discharge tubes* having, 
various types of electrodes, and in which the filling gas, a mixture of argon and nitrogen, had a 
wide pressure range. ; ’ ; 

It is shown that the observations are in general agreement with those obtained previously 
on neon} and air} discharge tubes, minor differences between tubes being discussed, and that 
at higher pressures the discharge was no longer of the ‘ glow ’’ type, but took place between. 
definite points on the electrodes. 


INTRODUCTION. 


‘THE following Paper is a continuation of previous work on the flashing phenomena. 

of discharge tubes, in which, as the electrodes are only one or two mms, 
apart, the positive column is absent, and only the negative glow, with an occasional 
anode glow, is in evidence. 

The initial experiments of flashing were confined to “‘ Osglim”’ lamps, but 
later air discharge tubes were constructed. In the ‘‘ Osglim”’ lamps the electrodes. 
were of iron, and the filling gas, a mixture of neon and helium, in all cases was at 
approximately the same pressure, that giving the lowest sparking potential. By 
employing air as a filling gas, however, it was possible to vary the type of tube and 
the pressure of the gas at will, though actually most of the experiments were per- 
formed on converted “‘ Osglim’”’ lamps and on tubes having parallel molybdenum 
wires as electrodes, and as the critical potential for air is high, lack of suitable capa- 
cities limited the pressure range for all but small capacities to about 4 mms. 

Since as much general information as possible on flashing was required, it was. 
considered desirable to extend the investigations to more varied types of discharge 
tubes and over a wide range of pressures. It was essential to obtain, therefore, 
first of all a supply of gas giving low critical voltages. The critical potential con- 
ditions were found to be satisfied by the argon-nitrogen mixture contained in 

Osram "’ gas-filled lamps, and a plentiful supply of this gas was made available 
through the generosity of the G.E.C., who provided a number of lamps whose filaments. 
had_ broken, 

In order to make apparent any peculiarities due to one tube, or to the material 
and shape of its electrodes, tubes of the following types were employed : ‘‘ Osglim ”’ 
lamps of both the beehive and letter patterns, tubes in which the electrodes were 
parallel wires, and tubes having for one electrode a helix of wire and for the other a 


* See Pearson and Anson, Proc. Ph 


ys. Soc., Vol. 34, p. 204. 
Taylor and Cl Tol. 1, p. 17: 
* i 5 ns arkson, Journ. Sci. Insts., Vol. 1, p. 173; also Proc. Phys. Soc., Vol. 36, 


Taylor and Cl : om : 
e ae y atkson, Proc. Phys. Soc., Vol. 37, pt. 3, p. 130; also Phil. Mag., Vol. 49, 
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straight wire down the axis of the coil. The wires were of iron, copper, aluminium 
or molybdenum. In mounting, the electrodes were fixed as far from the containing 
-vessels’ walls as possible, this not only enabling the tube to become heated with 
| safety, but also diminishing wall effects. 

, For the measurements of the apparent upper and lower critical voltages Vg and 
Vy of the tubes under conditions of continuous flashing, a new method described 
by Taylor and Sayce* was utilised. This method is based upon the ordinary peak. 
voltage measurer, a valve being utilised to ensure unidirectional conductivity from 


| a condenser which becomes charged either to the upper or lower critical voltages, 
| as desired, when connected in parallel with the discharge tube and charging con- 


denser. 
Gas APPARATUS. 


A description of the method by which the gas was transferred from the lamp: 


| bulb to the apparatus may prove of interest here. Nippleless bulbs were utilised, 


' these having a filling tube projecting into the cap at the base. 
The cap being removed, the filling tube was connected to the apparatus by means 


| of ashort length of pressure tubing, and the taps A and C being opened, the apparatus, 


WES. 
Discharge Tubes. 


was evacuated to its lowest limit, the connexion then being treated with sealing 
wax till no leaks were apparent. The tap C was then closed, and the tip of the 
filling tube was smashed with pliers through the pressure tubing connection, the 
sealing wax previously having been softened at this point. A coating of shellac 
completed the joints. 

It appeared, however, that all precautions were unable to prevent a gradual 
leakage of air into the gas, though this was always so slight that the critical constants 
never varied greatly during the life of one bulb, one 200-watt lamp ensuring a supply 
of gas of suitable properties sufficient to fill the apparatus several times. 

The gas-filling apparatus was manipulated in the usual way, the tap C serving 


. to admit the relatively high-pressure gas from the bulb to the exhausted space B, 


which gas, when C was closed, finally was allowed to enter the discharge tube through 
the tap A. 

The discharge tubes at first were “ flushed out ” thoroughly with the gas, and 
afterwards were always filled to the highest pressure desired, no additions of gas 
being made during any series of observations. Phosphorus pentoxide drying tubes 
were used. 


* Not yet published. 
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PREPARATION OF TUBES. 


"The method employed in the preparation of the discharge tubes was essentially 
the same as that described in previous work,* similar difficulties being encountered, 
A tube was considered.suitable when the apparently inevitable changes in the critical 
voltages with time and with continued use were negligible, and when, on rk 
the circuit, the apparent critical voltages showed no appreciable “‘lag”’ behind their 


final values. All tubes, however, could not be made to fulfil these conditions, even ~ 


when overrunning at red heat was resorted to, and many finally had to be rejected. 


EXPERIMENTAL RELATIONS. 


Flashing was observed over a series of pressures ranging from 0-2 mms. to 
45-0 mms., these being the limits imposed by the voltages and the resistances avail- 
able. At pressures lower than some 2-0 cms. the flash was of the normal type, a 
glow discharge, but at the higher pressures the discharge was of the nature of an 
“arc,” and the negative glow was rarely in evidence. 

The relations given below are for the normal discharge ; reference is made to 
the other form later. 


CRITICAL VOLTAGE MEASUREMENTS. 


Except for the slight unavoidable variations mentioned above, measurements 
in all tubes showed that for any one tube at a constant pressure the upper and lower 
critical voltages for steady discharge, v, and V, respectively were constants, and 
that Vg and Vg, the apparent upper and lower critical voltages for conditions for 
continuous flashing, were also constant, providing the external circuit remained 
unaltered. 

Observations on the effect of the presence of radium on the apparent critical 
voltagest confirmed the previous result that Vg apparently was unaffected. It 
was found, however, that Vg invariably was lowered, changes of from 2 to 70 volts 
being recorded, the magnitude of this change varying with the tube employed. As 
previously, the tubes least affected were those such as the “‘ Beehive,” in which 
the inter-electrode space was largely screened by the electrodes. 

During flashing experiments the radium always was kept at the same place, 
touching the bulb as near to the electrodes as possible, observations demonstrating 
that the effect fell off rapidly with the distance of the radium from the tube. It 
was possible to change Vg at will by varying the distance suitably. In the daylight, 
when presumably the gas already was partially ionised, no effects were detected 


when the radium was only 40 or 50 cms. from the tube, but in darkness effects have 
been noticed with the radium some metres away. 


CRITICAL VOLTAGE VARIATIONS. 

Observations made on the variation of V 

the circuit resistance R, and the capacity C,} 
rently independent of E and R, and also pra 


o and Vg with the charging voltage E, 
showed that Vg and Vg, though appa- 
ctically constant for values of C down 
* Taylor and Clarkson, Phil, Mag., V 


} Taylor, Clarkson and Stephenson, 
Stephenson, Phil. Mag., June (1925). 


{ Taylor and Stephenson, Phil, Mag., June (1925). 


ol. 49, p. 336. 
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to about 1-0 microfarads, in general changed rapidly as the capacity was further 
reduced, though the magnitude of this change and whether an increase or decrease 
‘in value occurred seemed to depend on other factors beside the capacity. 

The curves showing the variation of Vg and Vg with pressure were of the same 
/ general form as those obtained for air, the change in Vg was never as great as that 
| in Vg, and was generally much smaller, in some cases Vp being the same at all 
| pressures. 


RELATIONS FOR TIME OF FLASH (7). 


In all, flashes ranging in frequency from many thousands per second to one 
flash in two minutes were obtained, but in examining flashing relations only those 
frequencies which could be measured by a stop watch method were considered, 
| the rate of flash varying in practice from about seven flashes per second to about 
{ one flash in twenty seconds, for even at this slow rate flashing was still quite regular. 
| Only when the rate of flashing reached the order of one flash in some sixty seconds. 
) did irregularities occur, this, of course, being easily explained when account is taken 
| of the effects of quite small fluctuations in E and Vg, and of the inevitable leakage 
| in circuit. 

In all cases, from the graphed relations it was found that the relation between 
YT and C was linear if E and R were constant, the same relation holding between 
, and R when E and C were constant, the linearity being satisfied to a high degree 
of accuracy and the curves intersecting the axes at points near to the origin. This 
is in accord with the theoretical relation developed during the work on air, given. 
fairly exactly by 


E 
T=CR . log. Le 
EG 


where /\ is a small constant, since the variation in Vgand Vg over the range of capa- 
cities employed was quite small. 


RELATIONS FOR THE CRITICAL RESISTANCE R,. 


Though it was found impossible to obtain as complete a series of results for 

_R, as for the other flashing phenomena, the high conductivity tubes presenting the 

same difficulties as in air, in all cases where the results were repeatable it was observed 

that whilst R, was only slightly affected for changes in the capacity at least for 

values of C greater than about 1 microfarad it varied linearly with E. The inter- 
cept (V,’) on the voltage axis was of the same order as Vx, the relation 


Bee. 
yp(Vo') 


being satisfied to a fair degree of approximation. 


R, 


ELECTRODE FATIGUE AND OTHER EFFECTS. 


Though the general behaviour of discharge tubes was found to be the same 
in all cases and to agree with theory, the critical voltage measurements revealed. 
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the occurrence of phenomena which merited further explanation, chief of these 
being the anomalies in the variation of Vg and Vz with capacity (and, pee 
pressure), Whilst it was known that wall charges and impurities in the gas co 
occasion abnormalities, the evidence indicated that the cause of these anomalies 
lay in the electrodes themselves, in which case probably films of absorbed gas on 
the cathode were responsible. This same reason would also serve to explain such 
facts as the following: That tubes often show great reluctance to adopt new 
values for Vg and Vx, lags of some fifteen minutes being recorded, that the values 
of these constants for tubes recommencing flashing after a period of disuse differed 
markedly from those stable values attained a few minutes later, and that even 
slight over-running often caused radical changes in their values. It was on account 
of these changes that over-running at red-heat was discontinued save in refractory 
tubes. ; 

It is obvious from these results that when work of an exhaustive nature is to 
‘be undertaken, such effects as these must be taken into account before a tube can be 
declared suitable for such work. 

The normal electrode fatigue did not occasion much trouble, save in R, experi- 
ments, where, of course, its effects were often disastrous. Its presence was effec- 
tively demonstrated in tubes carrying a steady discharge which did not utilise 
the whole of the cathode, the usual state of affairs at R,. In these cases the dis- 
-charge often shifted from place to place on the electrodes, these effects being most 
-striking in tubes with ‘‘ beehives,”’ or helical cathodes, the change being rotary and 
often occurring with great rapidity.* 


FLASHING AT HIGH PRESSURES. 


As pressures of the order of 1-5 to 2-0 cms. were employed, the flashes grew more 
sand more intense, being accompanied by a ringing of the electrodes, and it was 
observed in all tubes that violent discharge having the appearance of an arc or 
spark frequently occurred, this type displacing the glow discharge altogether at 
still higher pressures. Observations made on this form for very rapid flashing, 
when, of course, the form of the discharge could be observed distinctly, showed that 
‘the discharge actually took place between points, though a small cathode glow 
might be present. 

_ Measurements showed that the apparent critical voltages were only approxi- 
mately constant, the discharge even with small capacities apparently causing irregu- 
larities in their value by its intense nature. The discharge grew more intense as 
larger capacities were employed, until finally, when the energy transference was 
large each flash was in the form of a loud, vivid spark.t When this occurred it was 
seen that the value of Vg had fallen often entirely to zero, the condenser being com- 
pletely discharged at each flash, but that Vg appeared to be unaffected. 

_ This violent spark discharge was similar to a discharge occurring spasmodically 
in some air discharge tubes when salient points were present, it being observed that 
salient points tended to have the same effect in argon-nitrogen tubes. 

The author wishes to acknowledge here his indebtedness to Prof. G. W. Todd 
of Armstrong College, under whose Supervision the work was carried out. 


* Taylor, Nature, September 24 (1924). 
TJ. W. Bispham, Proc. Roy. Soc., A 8] (1908). 
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DISCUSSION. 


Mr. C. C. PATERSON said that the gas used in the experiments was a mixture in which the 
proportion of argon to nitrogen was not very rigid. One lamp might differ considerably from 
another in this respect. 

Dr. D. OWEN remarked that the author had omitted to say what were the values of the 
critical voltages he had measured : he hoped this omission would be remedied. 

Mr. F. E. Smiru said he was sure the meeting would learn with deep regret that Mr. Anson, 
who first discovered the flashing of glow lamps, had been killed in an accident during the 
summer, 

AUTHOR’S reply (communicated) : In reply to Dr. Owen, I would like to add that V, ranged 
from 270 volts to 500 volts, the corresponding variation in V, for normal flashing being of some 

190 to 300 volts. The critical voltages had minimum values at pressures of a few millimeters. 

Though curves showing the variations of V, and V, with the capacity and pressure were 
plotted in all cases they were omitted from the Paper because it was felt that a description of 
their general resemblance would suffice, the particular differences depending solely on the tube 
used, and, as Mr. Patterson suggested, on the argon-nitrogen mixture employed. 
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III—ON THE VISCOSITY OF AMMONIA GAS. 


By R. S. Epwarps, A.R.C.S., B.Sc., D.I.C., and B. WoRswIcK, ARS oe 
Bidt 2A 


Received September 4, 1925. 


ABSTRACT. 

The viscosity of ammonia gas has been determined at three different temperatures by 

transpiring the gas through a capillary tube which had previously been calibrated with air. 

Sutherland’s constant is found to be roughly 370, and the mean collisional area of the ammonia 
molecule 0-633 x 10-1° sq. cm. 


I. OpyjECcT OF INVESTIGATION. 


PREVIOUSLY no experiments on the viscosity of ammonia have been carried 

out over a wide range of tempetature, and the object of this investigation 
was to study the variation of this viscosity with temperature, and to determine 
Sutherland’s constant for the gas. 


II. GENERAL METHOD OF PROCEDURE. 


The method employed was that of transpiration of the gas through a capillary 
tube, the dimensions of which were ascertained by transpiring air. This method is 
essentially the same as that followed by Mr. H. Harle in his work on the “ Viscosities 
of the Hydrogen Halides.’’* 

The purified gas was liquified and then enclosed and allowed to evaporate. 
The process of evaporation could be controlled so as to establish a suitable driving 
pressure, the pressure difference between the ends of the capillary being measured 
on a U-tube gauge. The mass of gas passed was measured by the standard alkali- 
ane process for ammonia. The corresponding volume was obtained from density 

ata. - 


III. ConsTANT OF CAPILLARY TUBE. 


About twenty tubes of approximately 0-25 mm. diameter were calibrated and 
the most uniform chosen. That chosen was about 55 cms. long, with mean diameter 
0-246 mms., its maximum variation being less than 1 per cent. of the mean diameter. 
The mean diameter was found by weighing a thread of mercury which occupied the 
length of the tube. 

The type of apparatus used is shown diagrammatically in Fig. 1. Air was. 
drawn through the capillary tube by means of the aspirator B, the volume of water 
collected giving, after several corrections, the volume of air passed. The end A of 
the capillary tube was open to the atmosphere through drying tubes containing 
calcium chloride, soda lime and glass wool. The spiral S, consisted of about 70 cms. 
of thin walled 4mm. tubing. S, was a small spiral inserted to take up any strains 
produced in the assembling of the apparatus. The calcium chloride tube D was 


* Proc. Roy. Soc., A. Vol. 100, p- 429 (1922). 
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imserted between S, and B to prevent moisture from the aspirator reaching back 
to the capillary tube. The pressure difference was read from the manometer M, 
‘which was a mercury gauge with wide arms to eliminate capillary effects. The 
difference of level was noted by a cathetometer reading to 0-1 of a mm. 
r To obtain concordant results it was found necessary to reduce “‘ dead-space ” 
on the aspirator side to a minimum. Further, it was necessary to ensure that the 
|gas remained at a constant temperature after entering the capillary and during its 
passage to and in the aspirator. To realise these conditions it was found necessary 
| 


to replace Mr. Harle’s large aspirator, which gave a constant head, by a smaller 
vessel giving a slightly varying head. To maintain a uniform temperature the 
water from the jacket was circulated round the aspirator and drying tube, as shown 


in figure. This arrangement was extremely satisfactory. Variations in the pressure 
iH 


abodes ole 


head were conveniently made between wide limits by varying the height of a nozzle 
attached by pressure tubing to the exit tube. 
Meyer’s transpiration formula 


(P,?—P,2)na! 


Baissea)! te 167 


can be written 
Ga) Pitch) ae, OP x70) 207608 90 
Rin i6P.V 16(P,—0)V ob 


where P,=-atmospheric pressure=P,+0. 
O=pressure difference (obtained from gauge readings) measured in cms. 
of mercury at 0°C. 
9 )=density of mercury at 0°C. 
V.=volume of dry air passing per minute at pressure P, and tempera- 
ture of jacket #,°C. 


Actually P, decreased with the time, and a modified form of Meyer’s formula should 
be used; but, since the variation was never more than 0:1 per cent., the assumption 
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that 6 was equal to the mean pressure difference was quite justifiable. The volume ; 
of water collected gave the increase in the volume of saturated air in the aspirator ; 
at pressure P, and temperature 4 (/, being the temperature of the airin the aspirator). 
The temperature ¢, never differed from ¢, by more than 0-1°C. in 
Since P, remains approximately constant, the partial pressure of the air in the © 
aspirator is less than P, by the saturation vapour pressure of water at ¢,, so that . 
if V=observed volume of water displaced per minute we have 


where o=saturation vapour pressure of water at /. 
Substituting in the equation for 7 we have 
_ 60g pgztat 6(2P,—6) SH 6(2P,—8) _ 
1161. (P,—d—a)%  (Pi—o—aF 


where K is the constant of the tube. 
One further correction is necessary for the value of K thus determined. This 
correction is for the slipping of the gas over the walls of the capillary tube. 


This correction occurs as a factor ee ) in the expression for the viscosity — 


where @ is the coefficient of slip. Thus the value of K above must be divided — 
by this factor. | 
The value of » was calculated according to the formula given byC. J. Smith,* — 
namely, 
ob tOnv 3RT | 

(ert) 


where #, and #, are initial and final pressures, 7 is absolute temperature and 7 is | 
the viscosity. This correction was of the order of 0-7 per cent. | 


The values of mir) used in calculating K are the most recent of Prof. Rankine— 
viz., 


Ny =1:724 x10-4 C.G.S. units 
NygeL eo x10-*) |, Ps 
All joints in the apparatus were, as far as possible, of glass, the others necessary 
being well sealed with collodion. This gave perfectly airtight joints. 
The results were concordant up to a pressure difference of 6-1 cms. of mercury. 
With differences exceeding this turbulence set in. 
The temperature of the jacket and aspirator was maintained constant by passing 
a rapid stream of water through the circuit. The jacket temperature was taken as 
the mean of the ne and outlet temperatures measured with mercurial thermometers 
graduated to 1/10°C. These and the aspirator thermometer were calibrated by 
comparison with a standard mercurial thermometer. 
The volume of water collected was found by weighing, corre 


Henk he : 
for buoyancy and density as usual. eHons bene ahaa 


The times were measured with a stop watch, 


* Proc. Roy. Soc,, A, Vol, 106 (1924), 
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List OF RESULTS FoR K. 


TABLE I. 
te, Hes Fo ee | Kx105 i 2C.  Kx105 
12-05 A ar a ie. | 657 | 11:00 | 657 | 
Be ee ee ee eee ee ee a | 
16 | 6ST |} 1149 |’ @56 sz | 654 
i 16 1) 6 54 ; 11-46 6-51 | 12:28 | 6-53 | 
16s 6 CO 11-30 6-57 12-78 | 6-58 
P oie =| 6-57 | 4} 2 | 6:57 A CEE 
903 | 6-58 Wey 657 13-82 657 


Mean value of K=6-56 x 10~°. 

Mean value of ¢=11-87°C. 

Correction factor for slipping for air—1-0067. 

The mean value of ¢ is taken because of the small variation of K over our range 
_ of temperature. 


IV. PREPARATION OF AMMONIA GAS. 


The following method was adopted for the preparation of the gas. Pure 
ammonium chloride and slaked lime were warmed together. This gave a big yield 
_ of gas, which was dried by passing through several U-tubes containing freshly roasted 
quicklime. It was finally liquified in a container surrounded by a mixture of solid 
carbon dioxide and absolute alcohol. Thus any permanent gases carried over were 
“not collected, and a pure specimen of liquid ammonia was obtained. 


V. DESCRIPTION OF APPARATUS. 


The apparatus used for the viscosity experiment is shown in Fig. 2. The gas 
enters by the tap 7,, and is liquified as previously stated in the bulb A. This was 
continued until about 6 ccs. of liquid ammonia were condensed. The pressure gauge 
used was the same as in the first part of the experiment, but now transferred to the 
entry end of the capillary tube. B is a trap used to prevent the mercury being 
drawn into the apparatus consequent upon any sudden change of pressure. The 
small manometer M, was used to verify that the exit pressure was atmospheric, 
which was found to be always the case. The capillary C, and tap T, served as a 
means of adjusting the pressure difference. J. is a two-way tap connecting to the 

_collecting apparatus R and to the atmosphere. The receiving vessel R was open 
to the atmosphere through the tube L, which contained glass wool. To prevent 
temperature changes .once steady conditions had been established, the whole 
apparatus was lagged with cotton wool. For the readings at room temperature the 
same method for determining the capillary temperature was used as that in calibrating 
the tube. To obtain the higher temperatures, steam and aniline vapour were used, 
a distilling apparatus not shown in the figure being set up. It was found that by 
covering the end corks with tinfoil they resisted the action of the aniline vapour and 
did not char appreciably. The appropriate liquid (water or aniline) was boiled 


ee 
Ca 
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i 
sufficiently rapidly to produce a free flow of vapour from the exit ond Oe ae f 
a uniform temperature inside the jacket equal to the ae ae st fue: ee 
loped somewhat towards the exit end to allow condensed v | 
The boiling points of the vapours for the various atmospheric pressures were found 
from boiling point tables, Kahlbaum’s* values being used. 


VI. Tue Viscosity EXPERIMENT. 


When enough liquid ammonia was obtained the tap T, was mee oP ee 
generating apparatus removed. The condensing Dewar D was mae owere Me 
sufficient gas had evaporated to sweep all air from the apparatus, the arnt s | 
lowered to clear its tubes and then raised to send a rapid current of ammonia throug 
the capillaries C and C,. The bulb A was then surrounded by an empty Dewar © 
flask and the whole heavily wrapped in cotton wool. It was found that, though a— 
suitable driving pressure was soon created, it was not steady enough to allow accurate 
measurement. This was due to variations in the small quantity of heat reaching ~ 
the bulb caused by convection currents, etc. This difficulty was overcome by , 


Fic. 2. 


introducing a “‘ dead space ’’ equal to four or five times the volume of gas transmitted 
during a reading, which acted a sort of ‘‘ buffer’ and gave the required steadiness. 

Now the critical velocity of transmission for any gas depends on its kinematic 
viscosity—namely, y/o. For ammonia and air this kinematic viscosity is approxi- 
mately the same. Hence, since the critical velocity for air is given by a pressure 
difference of 6 cms. of mercury (from first part of the experiment), the pressure 
difference to be used for ammonia could not excéed this value. The tap T, and 
tube C, were used to keep within this range, 

Under these conditions the pressure difference remained steady, the greatest 
variations being usually less than 2-0 per cent. The initial and final portions of the 
gas were neglected as possibly containing impurities. 

The gas, after transpiration, was absorbed in a known volume of standard acid 
in the receiver R. To test whether the gas was completely absorbed, a moistened 
litmus paper was put over the exit of L. This being always unaffected showed that 
all the ammonia was absorbed. At the end of the “run” the excess acid was 


* Z. Phs. Chem., 26 (1898). 
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| 
titrated with standard Na,CO, solution, methyl orange being used as an indicator. 
The basis of standardisation of the solutions used was taken to be N/,)HCi, prepared 
‘ from a constant boiling mixture of that acid.* 


r VII. CALCULATION OF RESULTS. 
The transpiration formula in this case gives 


(Py—P(P:+P2) _, 02Pxt0) 
PVs TERR 


mo, 


| where P,=atmospheric pressure=P,—0. 

As before, P, and 6 are converted to cms. of mercury at 0°C. The appropriate 

, value of the constant is obtained from the experimental value, using the relation 

K,=K,(1-+3y2) 

_ where y=coefficient of linear expansion of glass =0-000009. 

The volume of gas (V,) at pressure P, and the temperature of the jacket is 
calculated from the weight of gas deduced from the titration results. 

Since, however, ammonia does not, especially at atmospheric temperature, 
behave as a perfect gas, we cannot use the perfect gas equation to determine V, from 
the mass of gas titrated without applying a correction. 

Consequently the experimental densities of the gas at various temperatures 
given by Perman and Davies} were used to obtain this correction. 

The values used were— 


f Temperature. pee apnea cas Correction. 
Oc: 1-2973 1:3161 1-438% 
50°C. 1-5473 1-5571 0-64% 
100°C. 1:7964 1-:7980 0:10% : 


From this table, by graphing temperatures against correction, the necessary 
correction at any temperature was found. 
The values of the correction thus determined were :— 


Temperature. Correction. 
15°C. 1-20 per cent. 
100°C, 0-10 per cent. 
184°C. 0:0 per cent. 


Finally it was necessary to correct the values of the viscosity thus obtained for 
slipping exactly as in the determination of K. ine 

The correction factors by which the viscosity has to be multiplied are as 
follows :— 


Fs GTOSG Si. a, ra. » 10036 
ROO? Cs es. es oe EOOST 
toe Os Or ae so Lh O0TS 


* cf, Halett and Bonner, J. Am. Chem. Soc., 31, pp. 399-393 (1909). 
} Proc. Roy. Soc., Vol. 78., p. 34 (1906). 


32 Messrs. R. S. Edwards and B. Worswick on 


VIII. TABLES OF RESULTS. 


Table II gives a specimen series of observations. 


TABLE II. 
: ” ‘Temp. of Manometer Volume of Viscosity aa 
ees gas. Zacoe A (cms. of Hg) B. gas. 7 
ee ee ieee a 
| 15 mins. | 183-6°C. 75:42 cms. | 3:97 | 5:84 23-20 c.cms. | 1.1-710-® 
eee ae ae) oe | } ng ee 
E10 1 188-8°C, 75-74 ,, 1:37 | 665 | 36-95 ,, 161-7 ,, 
Oe 1) 188-8°C: 75-72 ,, | 1:66 | 5-85 BIE bear 161-1 ,, 
ae Sere ee | wae 
Ona l83-8°Cr 7870 4, | 17% | B08) } 3206 | | 160-5, 
10 ,, | 183-95°C. | 76-06 ,, 3-935 6-07 17-25 ,, 160-8, 
FiO 8 | 183-9°C. | 76:03 ,, 4-79 6-21 11-75, 161-3 ,, 
TABLE III. 
rc 9X108 ans n x 108 re n x 108 
98-9 1 | 131-0 161-7 
101-7 130-6 | 161-7 
1013. | 127-7 183-8°C. | | 161-1 
| 101-8 =, ~—-:100-1°C. 130-2 |. Mabe 
15°C 995 127-4 160-8 
| 100-2 | 130-2 | 161-3 
Wl5 130-8 | 
101:8 | 128-2 / 
97-9 | | 
100-2 


Mean values : 
1] 45—100°5 «10 6 ; 10074 =129-5 x 10-6 . 1)183°8 ——I hol ee? x 10-8 PRES units. 


The readings at room temperature were corrected to 15°C. by the assumption 
of a linear rate of change of viscosity with temperature using in conjunction with 
our own results the mean of Vogel’s* and Thomsen’st values at 0°C., viz. : 
No= 943 X10-6 C.G.S. units (their values were 92-6 x10-® and 96-0 10-8 C.G.S. 
units respectively). For the other two determinations, during which the variations 
were much smaller, it was sufficient to take the mean temperature for the value. 


IX. CALCULATION OF SUTHERLAND’s CONSTANT. DISCUSSION OF RESULTs. 
The accepted formula for change of viscosity with temperature is 


Rie 
amg ey p 
where C=Sutherland’s constant, T—absolute temperature, A=a constant. 


Assuming this relation holds, then KT8/2/7=C-+T. Therefore, 73/2 /nis a linear 
function of T. The effect of plotting this is shown in Fig. 3. The accuracy of the 


* Berlin Dissertation (1914) , 
{ Ann. der Physik., Vol. 36, p. 825. 
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7 experiments in relation to the temperature range is not such as to enable Suther- 
ie land’s law to be tested; but, assuming it to be true, we may make an estimate of 
ti the constant by drawing the best straight line through the points on the graph. 
‘j The value for C thus obtained is 377, but this must be regarded as subject to con- 
#) siderable error, as the points only fit the best straight line with an accuracy of one 


per cent. 
By extrapolation from the graph, 7, is found to be equal to 94-4 x10-® C.G.S. 


+600 


+400 


rature-T 


+200 


Absolute Tempe 


units, which compares well with the mean of Vogel’s and Thomsen’s results 
quoted above. Prof. Rankine and C. J. Smith* found 79)=130-3 x10-® C.G.S. 
units, which also agrees well with our value of 129:5x10-® C.G.S. units; 
further, assuming 7)=94:3 x10~® C.G.S. units, they calculated Sutherland’s constant 
as 370, and, using this result, found the mean collision area (A) of the ammonia 


_ molecule to be A=0-640 x 10-15 cms.2, From our data A=0-633 x 10-15 cms.”, 


DISCUSSION. 


Prof. A. O, RANKINE said that in published tables of physical constants the values given 
for different temperatures have often been obtained by different methods and cannot, therefore, 
be safely used for studying the variation of a given property with temperature. Hence it is 
important to apply any given method over as wide a range of temperatures as possible. The 
authors have covered a range of about 170°C., which is very satisfactory. 

Mr. F. E. Smrre said that the authors’ work is a valuable indication that the transpiration 
method is a simple and reliable one for determining viscosities, 


* Phil. Mag. 42 (1921) 
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IV.—VALVE MAINTAINED TUNING FORKS WITHOUT CONDENSERS. 


By T. G. Hopexinson, A.M.1.E.E. 


Received September 4, 1925. 


ABSTRACT. 


The valve maintained tuning fork is now a much used piece of apparatus, but the influence 
of the conductance of the valve electrodes on the design has not been considered. The present 
paper discusses the design of valve maintained tuning forks without condensers and shows 
that the conductance of the valve grid decides the direction in which the electrode coils must 
be wound; and also that it is advantageous, particularly in the case of low frequency forks, to 
interpose transformers between the valve electrodes and the fork magnets. 


HE valve controlled tuning fork was originated by Eccles, and demonstrated 
before the Physical Society.* 

The method was investigated by Butterworth,t who dealt with ‘‘untuned”’ 
and “‘tuned”’ systems, and evaluated the very small differences between the note 
frequency of the maintained system and the true fork note. 

The work following employs Butterworth’s methods and notation to some 
extent to amplify the case of the ‘‘ untuned”’ fork system, and to clear away 
ambiguity with regard to the direction of winding of the electrode coils; also to 
deal with a system employing transformers between the valve electrodes and the — 
fork magnet coils. 

The transformer system has obvious advantages for low-frequency forks in 
that, apart from the additional winding space and improved space factor it provides, — 
it is possible to adjust the phase of the driving current in a way to reduce the ~ 

difference between the note of the maintained system and the true fork note to zero, — 
and in this respect is similar to condenser tuned systems. 
Notation. 

Mass of fork supposed coilected at end of prong : sies _ a 

Frictional force per unit velocity Gy es = we > pb 

Control force per unit displacement a ae ie. eae y 

Force in magnet gap per unit current in anode coil... ck _ A 

Force in magnet gap per unit current in grid coil A 

Plate coil resistance and inductance 

Grid coil resistance and inductance 

Plate and grid conductances 

Plate and grid currents 41 ts 


The fork is controlled by the electrode coils, which are wound on pole pieces 
of a magnet system and arranged close to the prongs of the fork, as shown in Fig. 1. 
The effect of the iron losses adds a determinate amount to the effective resistance 
of the coils, and this amount is supposed included in the resistances 7, and fo. 
The effective inductances of the coils are also reduced by a determinate amount 


* Proc. Phys. Soc., Vol. 31, p. 260 (1919). 
{ Proc. Phys. Soc., Vol. 32, p. 345 (1920) 
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by the iron losses, and the symbols L, and L, are intended to indicate the reduced 
values. 


Dis the time operator 6/6t, and the equation of motion of the fork system is 
i (aD?+8D+y)y=A 11, +A oho, 

where y is the displacement of the mass a. 
| The currents are supposed counter clockwise, and the coils are similarly wound— 
i.e., connected in such a way that a current passing from the grid to the plate would 
I maintain flux in the same direction in the magnet system. 
| The back E.M.F. in the anode coil due to movement of the fork prong is 


id 


ees 
| eaves cy 
| and, similarly, the back E.M.F. in the grid coil is 
A,A,Di,+A,2Di, 
ADY=~ GDP BD+y 


This notation is Butterworth’s, and the equation resulting from a systematic 


Fic. 1.—ForK SYSTEM WITI Fic. 2.—ForK SYSTEM WITH TRANSFORMERS 
MAGNET COILS DIRECTLY CON- BETWEEN THE VALVE ELECYRODES AND 
NECTED TO VALVE BLECTRODES, ForK Macnet Comrs. 


solution of the circuit, which is given below, differs from his in the sign of the 
valve magnification factor term, and in that it includes a discussion of the effect of 
the valve conductances. 

The circuit equation is 


[ Gistr bE D)(U/sotre + LeD) (aD? +pD-+y)+ 
(spr tL D)AgD-+(1[sy-ry+LyD)AgD—™A ADD |isi=0 (1) 


m is the valve magnification factor, or 67,/5V,+067,/dVp, where V, and V, are grid 
and plate volts respectively. 
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We are only concerned with discussing this equation a eee oe ee 
particular problem, remembering that the decay factor of t oe ea 
small quantity. The force in a magnet gap per unit aie: Mee 
a linear function of the number of turns on the coil, and A sis oN rat y 
X,L,. Inthe same way, A.?=X,L,, and if we write Wy=y/a, —W*=L", 


LysiWy _, and sl OO 
Luks ere 1725» 


we can separate the equation (1) into frequency and condition equations in the — 
popular manner to make 

ad 
Frequency Equation. 


wy, WY 8 sphere) a 
(1-204) 1—Fpea) apg bx tbat gp Sa 2 Wy a 
Condition Equation. 


ae sesh 8 W? XybitXobg mp by Xy 
(ocbba 1p) ag Mt baat BW 1-78, ° A, BWr 


The two signs of the condition equation 0 depend on the solution of the 
frequency equation selected for substitution therein—i.e., if the solution of the 
frequency equation is below the true fork note, the upper sign is required, and vice 
versa. 

Ignoring small quantities, the useful solution of the frequency equation is 


ile cosa bibs Tx,) 
PAL Heese Orr a ta Ait es oe 


B/aW» need only be a small quantity like 0-001 ; 6, will be made approximately - 
unity in order to use the valve effectively, and b, can be made small by working on 
a negative grid. The values of X,/SWy and X,4/SWy will transpire subsequently, | 
but will be something like, or less than, unity. 


Substituting from equation (4), the Condition Equation is 


j= 0 


1 m A, < 
(MAb ae Ai badd Xb. (42% (4X ada 
| | =. 


If the product b,), is appreciably less than unity, the frequency solution gives 


a note slightly lower (the difference is very small) than the true fork note, and if 
X,=X, 

xy (1-0?) (1-+0,2) 

BW, Mm .. 4 


T4148, e —5 b2)b, —(1-++b,")b, —(1 +b,4°)b, 


The coils require to be similar] 


y wound—i.e., d,=A,—and this case includes 
the non-conducting grid system as a 


special case, 
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If the grid conductance is negligible 


79 xX 1+-b,? 

1—W2/W eddy: b d ees F ) 

ie aW 3” BW bym—1 

5/35 esa is negati til b,=1 that the mini xy ~ 

1 BW; is negative until b;=1, so tha e minimum value of BW, mee 


Guess mis 7 and > 1/3. 


xX 
pW 
. This is the ideal valve system, of course, and a value for the grid conductance 
increases X/BWy appreciably. 


In a special case, say b,=),, : 
i 
| AX 1+0,?)? 
i BWe ant aan 2 0 
: if pe 2046.9 | 
Guess -” _=6, and the best value for 6, works out about 1/3, and 
1--7.S,5 


|X, /PBWp> 1-19. 


Working on positive grids and with large inductances so that the product b,b, 
is appreciably greater than unity, the note of the maintained system is slightly higher 
than the true fork note. 


flaWy ' 12 XX.) 
act (as age ae is Se es oS) 


The coils now require to be oppositely wound, andif X,=X,and A,=—A, 


Xy (1+-0,°) (1-222) 
Or er x _ A e : (9) 
PVs _™ (6,5, —1)by (1-422), —(1+03")bo 

T7255 


1-W2/We= 


Guess —-— =5 and b,=bs, the best value of b, works out about 3-125 and 


1++7 5S, 


a => 1-66. 
BW 


The guesses at aes probably favour the latter case to some extent, but the 
1+72S2 

general results are borne out by experiment ; indeed, fork systems can be designed 

so that when the valve filament is relatively dull and the grid is negative the fork 

is maintained with the coils similarly wound, while, if the valve filament is bright 

and the grid is positive, the fork is only maintained when the grid coils are oppositely 


wound. ee 
The special case when the product 6,b,=unity 1s not a profitable one. The 


: B ; 
frequency solution is LW Wet GW’ and the system is correspondingly 


difficult to support in vibration. 


| 
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The decay factor of a higher frequency fork is difficult to measure directly, 
but can be determined by the method advocated by A. Campbell,* using a vibration 
galvanometer connected to a coil, the induction of which is varied by the 
movement of the fork. | 

This method was investigated analytically by R. Ll. Jones.} p 

Alternatively, the quantity A?/$ can be measured as a part of the effective 
resistance of the magnet coil tested on a bridge at the resonant frequency of the 
fork: but this measurement requires great care and careful measurement, on the 
same bridge, of the effective copper and iron resistances with the fork held stillg 
With lower frequency forks the decay factor can be determined with a microscope 
and stop watch. ie 

If the iron losses for a magnet coil may be represented as due to a circuit com- 
pletely linked with the coil and having resistance 7; and inductance /;, then the 


oat ; - LWE : 
part of the effective resistance of the coil due to iron losses is Tir and the effective | 


inductance is pa where L is the inductance of the magnet coil and J is ae 
Aye: J J+] 2 TT : 
I can be predetermined for a specific case in terms of the hysteresis coefficient, - 
permeability, flux densities and Joulean resistance, and may be as much as 0-2, 
but should. be less. ¢ 
The importance of keeping the losses small is apparent by their effect in reducing - 
Lsw m ‘ 


> 1-+-rs me 1--7.S. 
A?/L=X will have something of the form 
patra Ra : 
4nR, © Ra+R, d 


where B, is the flux density in the gap, R, is the leakage reluctance, R, is the gap 

and iron circuit reluctance. : 
The importance of keeping the leakage reluctance large is obvious. | 
The 1,000 ~ fork made by the Cambridge Scientific Instrument Co. has the 

requirements of design for an ‘‘ untuned”’ system working on a negative grid, and 


eee this fork is provided with condensers it is maintained in oscillation without 
them. 


j 
{ 


; 


Transformer Coupled System. 


The dimensions of the higher frequency ‘‘ commercial” forks lend themselves 
to the design of valve control systems, but low frequency forks are more difficult. 

The principal difficulty is that of making the impedance of the anode magnet 
coil compete with the anode resistance without making the copper and iron losses 
impossibly large and the leakage reluctance too small. Again, the decay factors 
of these forks are frequently greater than those of higher frequency forks. by 

The impedance difficulty can be overcome by interposing suitable transformers 
between the valve electrodes and the magnet coils. In addition to the advantages 


* Proc. Phys. Soc., Vol. 31, p. 87 (1919). 
} Proc. Phys. Soc., Vol, 34, p. 67.(1922), 


~ 
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y2numerated earlier of additional and improved space factors and capability of 
fp djusting the difference between the note of the system and the true fork note, the 
jsteady flux may be provided by direct current in the magnet coils, and so con- 
iveniently adjusted for experimental purposes. 


Notation. 


Resistance and ‘eee of valve winding of transformer (1) aus ged 
Resistance and inductance of valve winding of transformer (2) eta e 
Resistance and inductance of fork winding of transformer (1) @, A, 
Resistance and inductance of fork winding of transformer (2) 2. Pae oe Ae 
Mutual coupling transformer (1) = os ie i 

Mutual coupling transformer (2) Ps ee ee ne so My 

Resistance and inductance of fork magnet coil a ie BES ne HME aipely 
Resistance and inductance of fork magnet coil (2)... ee Raetts 


| In what follows the transformers have been dealt with as mithont leakage, 
salthough this does not affect the conclusion drawn if the leakage is small and is 
‘regarded as included in the fork magnet coil inductances. 

A systematic solution of the circuits gives the differential equation 


| le {(1+s,7,+/,v) iae e7+-L,+1,D) —s,M 2D} {((1+s97.+/,D)(P,+ Po tL.+AD) 


—s,M 2D 
+{(1+s,7,+0,D)(P,+ 9, +L, +4,D) —s,M 2D} (1+s,7.+/,D) Ct 
alan ae it ita ye ys alot fe aD®+pD+y 
: scleactens AD 
AE (+s yet D) (Pet p2tLet4eD) —s.M 2*D?} (1+syr,+1,D) aD® BD ty 
A,A,D , 
—s\M MD eT aT PO RMR oe ee R10) 


Those who have read Butterworth’s Paper referred to, or who have analysed 
fork circuits, will recognise this equation as similar in form to that of a fork circuit 
with condensers across the electrodes ; and, indeed, the transformer coupled system 
behaves like a condenser tuned system, in that it is capable of reducing the difference 
between the note maintained by the system and the true fork note. 


- Adding to the notation 
ate ei, LytAy_, siWy _, 
LW. 7 I, ; l+y7,s, 
are Rie Lethe, 1,8.Wy =o. 
EW 2 Le e re 


and separating the phases. 
Ee Frequency et becomes 


2 


ri ee vet 
ral ( ay— bigs 5 Nae ins 3)— (Cy+-4, Mertaddis | 
B 


2 X WN 
we (4: PgaNlcorbad) + pip (Cob ibr tats —Pagp) i 


~ aWy? Were ( Ww ue Ww? ) 


==0) (ue) 
Dapp a) Ca raad) + BWy 1(, +@3b,4-b44,— Brae 
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and Condition Equation 
2 


(eae ee in) (cata gbs)-+(4p—Be va) (¢y+44);) ke 
F i 
Ww 


| a 
(aby 3) (4a—b2/ We") — (6,415) (Co+42ba) Gat 


2 


ao pe We Ww? ) a 
B/aWy oo We —b, We (c,+-4,),) j ie 

Xx we Ww mb, , _,, W2 MA aha} 

TAC Wr —b, Wr (esa al rary ge (cy 1) Wy? M,A By (12) 


There are too many quantities in these equations to be discussed independently, 
but if we make the transformers of the two electrodes similar and the magnet coils 
similar, a, =a, and c,=Ccy, but b, and b, are dependent on the valve electrodes. 


Write Digs oranda ws a2 =, X,=X,, and the Frequency Equation 


Gyee red Cotagb, 
becomes 
dea plaWy i +o 2X Cater Pa C0109) | 2. 
Wy? 1-919 ee BWy c-+a® 
and substituting this value in the condition equation the condition equation becomes 
sie (+ o1°)(1+ 99") 
BWy c—1 m (cpita)(1—ag2)(1—91 92) _ Lb atest | 
ai atcsawesd aoe ert 92") —ea(l-+ 92%) 
2a 
— 2) (1 2 od 
parade ge + $2") (14) 


When the product 9,9, is small compared with unity, m requires the positive 
sign—te., the circuits are similarly wound; but when 9,9, is greater than unity, 
m requires the negative sign, or the circuits are oppositely wound, 

If ais negligibly small, the frequency equation becomes 


W2 BlaWy 2X 
1— a eS ae a1 © y-|- —__ ° —j Cc . . . . . 15 
Wy ream + Oy BW (91% / )) ( ) 
and the Condition Equation 
x (1+ 9*)(1+ 9.*) 
BW Wee : 4 ee 


c—1 
oe [a (1— 9192) — 3(1+ 9,7) — aall+er%) | 


and whatever has been said of the optimum values of b, in the case of the direct 
coupled system applies to » in the case of this transformer coupled system. 

The optimum value of ¢ in this transformer case is limited only by practical 
considerations, but a value for a reduces the optimum values of both @ and c very 
appreciably. 

Returning to the general case of equations (13) and (14), notice that if the product 


121s less than unity it is possible to adjust @ and c to make the difference 1-7 =0, 
v 
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indeed, if a, has value this condition may easily give the lowest value of X/BWy in 


che condition equation. 
The equation connecting ¢ and ¢ to achieve this result is 


(L—4 @2)(4+-¢1)(91+ 9) 
=(E+- 91") (1-Fe ge) —U1+ 927)(l+-eo1)=0 2 ps 5 * (17) 


is a function of ¢ for any particular frequency and any particular space factor 
50 that this equation becomes a quadratic in c. 
If the grid conductance is entirely negligible, Bee and 9,=—a/c, and the 


mM c—lI 


1+-7,5, c+a® 


(Frequency Equation (13) reduces to 


\ WW? BlaWy X 
| r— — 2 Wari. f 3 
Wy 1--aQ,/c (1 amas aa Ean 
| While the Condition Equation (14) becomes 
pe awe nme Sen neta hPL: sist ed (19) 
| BWy c—l mt ( al¢ Epo wed tes C1 .)- 2a 
: cta? l+a?/c?” 1+o,?/ c#+a? 


If a=fc the special condition equation (17) becomes 


2-+m-l9y?—m—f? 
Del 2hot =m lf 
The value of 9, which gives the smallest value for X/f W. y does not give the 


| true fork note. As an example, if f=0-2 and m=7, say c=4. 
The optimum value of 9, is unity. 


(20) 


1—W?/Wy?=0-596/aW,» and 0159, 
| pWr 
| On the other hand, if 9,=0-44 


x 
1—W?2/W,2=0 and ~—=>0-48. 
/ F pW 


The negative grid gives, of course, the ideal transformer case, and a value for 6, 


increases 
pWy 


If the grid conductance is equal to the plate conductance 9,=9,, and the Fre- 
quency Equation (13) becomes 


aa very appreciably. 


Sue See ye Si ) 1) 
Wy? 1 os ? BW ° ca? . ° . A 5 5 5 
and the Condition Equation (14) becomes 
[eee ee eee (22) 
Bie fife ete ee 2a | 
c+a?\1+rs, (1-+ 9)?(c-+-a?) 1+?) c+a? 
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1 


n 
1-785 
neighbourhood of 4-4, and the optimum value of 90-13, 


As an example, say =6 and f=0-2. The optimum value of c is in the 


we : x 
———. =(): 1 = —=2°35. 
1 Wy 0:59B/aWy and AW, a) . 
The value of 9 giving the true fork note is 0-235, and under these conditions 
iq. > 2-87. | 
x . . * . . . 
-, When the product 9,9,=1, m requires the negative sign (L.e., the circuits require 
to be oppositely wound), the values of X/SWy increase very rapidly, and there is no 
opportunity of equating the note of the system to the true fork note. ; 
As an example, say f=0'land 9,=9.=2; the optimum value of cisin the neigh- 
bourhood of 1-4, and the system would not work on the valve we have used for the 


other systems, with m=7. If, however, 1 so SE ey: or double the magnification 
2" 2 
factor of the valve used previously 
J Wee 126 /aWw d = 5-46 
a ee p/aWy an Bea ; 


If 6/aW,p is large, this would not be a case we could deal with in this approximate 
way ; but the case is not a profitable one in any sense, 


In the foregoing work an effort has been made to determine the best system of 
design for low frequency forks. It requires no analysis to discover that losses should 
be kept small or that systems working on negative grids are better than those working 
on conducting grids ; however, it is useful to know to what extent these losses may 
be incurred. If the grid is sufficiently negative to prevent appreciable rectification, 
the grid conductance need not concern the design at all. On the other hand, a 
special grid battery is an unnecessary expense, and a rectifying grid is easily dealt 
with in design. Indeed, it is not until positive volts are put on grids that grid con- 
ductances require special consideration, unless coil resistances are too large and the — 
product 7,s, has a significant value. 


A design for a direct coupled system working on a reception valve with grid | 


conductance (say about one-fifth the plate conductance) would make ioe 
ToS 
L,s,Wy oF 
and -1-1_—F —0.7, 
1+-748; 


This would give with similar magnets 


y 
a“ 


BW, and 1—W?/Wy?=1-05 B/aWy. — 


: LS, We 

With low frequency forks iaa =0-7 may be a difficult achievement for a direci 
j Soda 

coupled system, but easy with a closed iron circuit transformer between electrodes 

and magnets. 


The improved space factor of the magnet coils using heavier wire together with 


the added space of the transformer makes small values of a =fc =? possible. 
ae 


PHOTOGRAPH oF 


FORK SHOWING TRANSFORMERS, 
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_ If a battery is used to provide the steady flux, the magnet wire can be selected 
or small voltages. 
A design for a transformer coupled system is embodied in the quantities 
c=4 or Aj L==3 
a=1 or f==0-25 
ia 
Lf rys2 
This, with similar magnets on both electrodes, would make 


Yr 


me 
Gina and 1—W?/W,?. negligible. 
Yr 


,  Anactual example of a 50 cycle fork design is given below. 


6, o,=—0-35, Q.—= —0-05. 


similar Transformers. 


Electrode winding sor ... 14,000turns 40 S.W.G. copper. 
Magnet circuit... Aa ee BOO! 5, ae P 
Magnet coils bes wae aoe LOIN x, 225, es 
/=144 henries y==4,300 ohms including iron losses 
A==0°23" o='44 ,, - » 
Peek (ans, P= 6:2 —,, 53 is 


This makes c=2-35, a=0:2, 9,=0-55 

The steady flux is provided by a 2 volt battery, and the fork works well on 
Negative or rectifying grids, with any plate voltage above 20 volts. 
__ The fork prongs are 31-5 cm. long, 0-6 cm. deep by 1-5 cm. wide, the magnet 
coils are wound on E-shaped stalloy stampings with an effective area of 2 square cms. 
_ 6/aWy measured with a microscope and stop watch is 0-002, and the valve is 

n R7, with a magnification factor about 7°5 and a plate conductance 4-4 x 10-° mhos. 
__ This design is generous in material, but the value of c is roughly right to give 
the true fork note with a non-conducting grid. 


Note ADDED NOVEMBER 21, 1925. 


The true fork note frequency is 50(1+-0-00007). The maintained note, with 
the valve grid connected to the negative end of the filament battery and for an 
amplitude of vibration of 0-7 mm. at the ends of the prongs, is 50 (1—0-00012). For 
an amplitude of 2 mm. it is 50 (1—0-00056). These are comparative measurements 
only, and have an accuracy -+0-002 per cent. approx. The difference between the 
true fork note and the 0-7 mm. amplitude maintained note gives a value for 
1—W2/Wy?=0-00038 or 0:19 B/aW,, a value that would have been impracticable 
with a direct-coupled system. ; 

' I should like to express my indebtedness to Mr. A. Hinchliffe, whose help in the 
work has been invaluable, and to the Director of Artillery for his permission to offer 


the Paper for publication. 
DISCUSSION. 

Dr. W. H. Eccrs said that every one who wishes to use valve maintained forks with pre- 
vision must read Mr. Butterworth’s Paper on the subject, but that Paper does not explain the 
imbiguity which exists as to the direction of winding of the grid coil. This puzzle has been 
‘leared up by the author, who has also shown how account must be taken of the valve charac- 
eristics in designing the apparatus, and how to secure that the maintained frequency shall be 
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the true frequency of the fork. The latter point is particularly important when the harmonic Ss 
of the fork frequency are employed: thus it is possible to utilise the twenty-ninth harmonic 
of a 1,000~ fork, giving a frequency of 60,000~. In this way standards can be obtained 
and oscillations generated over a wide range of the wireless spectrum, at constant and accur 

n frequencies, d iu 
Sn ee. Ve pees said that he had long been interested in stroboscopic methods of 
measurement, but these have always suffered from the defect that the rate of a fork is varied by 
the means adopted for maintaining vibration, Dr. Eccles’ invention of the valve-maintained 
fork is of great importance as a solution of this difficulty, and the author is to be congratu 
lated on having put the matter on a satisfactory quantitative basis. : : 

Mr. S. BUr’tERWORTH (communicated): I have read Mr. Hodgkinson’s Papert with great 
interest. He is quite right when he states that in my Paper on the same subject I gave am 
erroneous sign to the proper direction of winding for the grid and anode coils in order to mainta 1 
the fork in vibration. It may be 6f interest to point out that the quantities 5, and b, represen 
the ratio of reactance to resistance in the plate and grid circuits respectively, so that the condition 
given in the simplest case dealt with by Mr. Hodgkinson (the case of no grid current and no 
transformers) is that for the greatest ease of maintenance the reactance of the anode circuit 
should be equal to its resistance. Also, if we remember that the motional impedance of a fork 
system may be represented by an inductance, capacity and conductance in parallel, the con 
dition that the system will produce sustained vibrations (when the reactance-resistance condition 
above is satisfied) is that the mutual conductance of the valve shall exceed the anode conductance 
by an amount at least twice the motional conductance representing the losses in the fork system. 
The treatment of the case where transformers are used has been very thorough. If we 
idealise this case, and suppose the transformers perfectly coupled, free from loss, and with fork 
windings of impedance large compared with the coils driving the fork, then the use of the electrical 
equivalent of the motional impedance of the fork enables us to show that the transformer system — 
may be replaced by a system free from transformers, in which all the impedances are multiplied 
by the square of the ratio of transformation, This for equal anode and grid transformers. This ~ 
is a result something like that arrived at by Mr. Hodgkinson in equation (16). I do not 
quite understand the particular virtue of making the actual fork frequency exactly equal 
to the free fork frequency. The special value of these systems lies in their constancy, and, 
as has been pointed out by Mr. Dye, certain adjustments of the valve voltages may be made to — 
enhance the steadiness. These adjustments are the more readily carried out if the valve system — 
is working well above the limits of maintenance. The reason for supplying condensers to fork 
systems at 1,000 frequency is partly to enable a greater load to be taken from the system and 
partly to have greater ease in carrying out the adjustments for the steadiest condition. 

AvutTHOR’s reply (communicated) : Replying to Prof. Eccles, I have not discussed the use 
of harmonics, being mainly concerned with producing a low-frequency source in imitation of the 
noise made by an aeroplane. 

The fact that the fork is barely audible even when the fundamental amplitude is very large © 
is evidence of the approximate purity of the note. 

The actual difference between the maintained note and the true fork note is not so important — 
as is the constancy of the maintained note and its dependence on such factors as filament emission, — 
gap field, etc. I have included consideration of the valve conductances in the investigation of © 
condenser tuned systems for my own information, and, in general, well-designed condenser tuned 
systems give smaller differences between the maintained note and the fork note than systems — 
without condensers ; however, there is nothing to prevent the tuning of the transformer coupled ~ 
system, possibly with benefit to the constancy of the note. 

I thank Dr. Drysdale for his appreciation of the aim of the Paper, which was to emphasise ~ 
the importance of the electrode conductances without encroaching too much on ground so 
thoroughly prospected by Prof. Eccles and Mr. Butterworth, 

: ue a to thank Mr, Butterworth also for his very interesting communication, and, in reply 
: a imp a question, I think it is an advantage to know that the transformer system is capable 
end a were eae is only a small difference between the maintained note and the fork note. 
Aivninteh it 1s capability does not necessarily improve the constancy of the note, it does not 
, and allows a certain measure of adjustment. 
“ Relies tie ti eels the effect of condensers in improving the maintenance conditions 
\ y teterence to the Cambridge Co,’s fork was by way of illustration only, 
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’.—THE TIMES OF “ SUDDEN COMMENCEMENTS ” (S.C.s) OF MAGNETIC 
STORMS: OBSERVATION AND THEORY. 


By C, Carex, Sc.D., LL.D., F.R.S. 
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ABSTRACT. 


|. An earlier Paper (Proc. Phys. Soc., Vol. 26, 1914, p. 137) discussed a number of data for the 
Rimes of occurrence of the ‘Sudden Commencements ’’(S.C.s) of magnetic storms which had been 
i ublished by Dr. l,. A. Bauer in ‘“‘ Terrestrial Magnetism,’ and came to a conclusion adverse to 
iD r. Bauet’s claim that 5.C.s were propagated from east to west or west to east, with velocities 
jot from 100 to 200 kilometres per second. Since that date Papers on the subject have been 
published by Prof. S. Chapman and Fr. Rodés, of the Ebro Observatory, propounding theories 
jdiffering from one another and from Dr. Bauer’s. Ina recent Paper Dr. Bauer and Mr. W. J. 
Peters have re-discussed the subject. They conclude that the motion in longitude is much more 
|capid than according to Dr. Bauer’s original estimate, and suggest that is is really a case of pro- 
jpagation from the magnetic equator towards either magnetic pole. 

The Section of Terrestrial Magnetism and Electricity of the International Union of Geodesy 
‘and Geophysics has recently approved a scheme aiming at the construction and use of special 
instruments to find out whether S.C.s have a finite rate of propagation. The present Paper 
jdiscusses the whole subject, partly with a view to facilitating a decision as tothe new apparatus 
and the stations most suitable for the investigation. 


§ 1. 

THE question whether “ sudden commencements ”’ (S.C.s)—the rapid movements 
| which often appear as precursors of magnetic storms—occur simultaneously 
over the earth, or are propagated with a velocity small compared with that of light, 
is of much interest to magneticians. It is obviously of fundamental importance 
in any theory of magnetic storms. The fact that the times of occurrence of an S.C. 
at different parts of the earth agree to within a few minutes has long been accepted. 
That the times differ to an extent measurable by ordinary magnetographs seems 
to have been first suggested by Dr. L. A. Bauer.* From a consideration of a variety 
of S.C.s recorded prior to 1910, he concluded that magnetic storms do not begin at 
precisely the same instant all over the earth. To quote his own words, (L.c., p. 232) : 
“ The abruptly beginning ones (i.e., S.C.s) . . . appear to progress . . . more often 
eastwardly, though also at times westwardly, at a speed of about 100 km. to 200 km. 
per second, so that if a complete circuit of the earth were made it would require, on 
the average, between seven and three minutes.”’ Mr. R. L. Faris, of the U.S. Coast 
and Geodetic Survey, from an investigation of 15 S.C.s, as recorded between 1906 
and 1909 at the Survey’s five observatories, supported Dr. Bauer’s conclusion, 
obtaining 34 minutes as the mean time of propagation round the earth. After 
examining Mr. Faris’ data critically, the present writer} ventured on the opinion that 
the differences in the times recorded were most likely due to instrumental or obser- 
vational causes. Shortly afterwards Dr. Bauer issued an invitation tu magnetic 
»bservatories to send him the times for the fifteen S.C.s selected by Mr. Faris, as 


* “ Terrestrial Magnetism,’’ Vol. 15, pp. 9, 111, etc. (1910). 
+ ‘‘ Terrestrial Magnetism,” Vol. 15, p. 93. 
{ Proc. Phys. Soc., Vol, 23, p. 49. 
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derived at each observatory from the curves of that observatory. A number 0 
observatories responded, and Dr. Bauer published the data sent him in the June 
and September issues of “ Terrestrial Magnetism” for 1911.) 0he September issue 
also contained a revised set of data for the Coast and Geodetic Survey’s observatories 
In explahation of these Dr. Bauer quoted a request he had addressed to the Supe 
intendent of the Survey to “‘ furnish time scalings of all the disturbances . . . taking 
into consideration the specimen curves from Potsdam and Kew, the tracings of which 
are enclosed herewith.” ‘‘I would suggest,’ he added, ‘‘ that chief consideration 
be paid to the Potsdam curves, the precise point of scaling of which has been indicated 
by the observer (Dr. Venske).”” } 


§ 2. 

The data thus published by Dr. Bauer have been discussed, following the his 
torical order, by Prof. G. Angenheister,* myself,+ Prof. S. Chapman,{ and Fr. Rodes§ 
of Tortosa, and now finally by Dr. Bauer and Mr. W. J. Peters.|| The two earlier 
discussions were concerned mainly with the bearing of the data on Dr. Bauer's 
theory, but I also considered the possibility of propagation north and south. The 
conclusions reached by Prof. Angenheister and myself were unfavourable to Dr. 
Bauer’s theory. Prof. Chapman also drew conclusions (l.c., p. 210) unfavourable 
to this theory, but he was mainly concerned in presenting an alternative theory. 
Supposing magnetic storms to be due to discharges of ions from the sun, he con=- 
sidered what would happen if a stream of ions rotated with the sun in the manne 
suggested by the 27-day interval in magnetic storms. On this view the S.C. might 
represent the engulfing of the earthin theionicstream. As the earth’s period round 
the sun is 365 days, and that of the stream only 27, the stream overtakes the earth 
and its advance edge will cross the earth from one end of a diameter to the other in 
about 30 seconds. On this view there might be an extreme difference of 30 seconds 
in the times of occurrence of the S.C. on the earth, the propagation being apparently 
from east to west on one hemisphere and from west to east on the other. q 
Fr. Rodés, who appeared to be unaware of the previous Papers by Angenheister, 
Chapman and myself, refers first to several more recent S.C.s, the times of occurrence 
of which at Tortosa he had compared with times supplied him for other stations. 
In some cases he mentioned “‘ It would seem probable that . . . the results would 
indicate a simultaneous beginning all over the earth.” ‘‘ There are, nevertheless,” 
he added, ‘‘ some cases in which a propagation is strongly suspected’ (Lc., p. 162). 
To account for these he advanced a theory which agrees with Prof. Chapman’s in 
supposing the S.C. due to the immersion of the earth in a cloud of electric 
particles. But he did not think it possible ‘‘ that a cloud at a distance of 150 million 
kilometers in free space has an effective transversal velocity greater than 2 kilo- 
meters per second caused by the solar rotation.’”’ He adds: “A rough approxima- 
tion of the time required for the earth to become involved in the cloud can be easily 
Sas hoe Ke orbital velocity ; this amounts to about six and a haif minutes. 
may be that when half, or even a greater part of the earth, is immersed 
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) the electric cloud, induction phenomena are produced which advance the time of 
feginning at other stations.” 

| This theory would make the S.C. start at a point diametrically opposite that 
ven by Chapman’s theory, and travel in an opposite direction with a much slower 
jelocity. The fact that both theories indicate where the earliest occurrence is to be 
)oked for is, from the critical standpoint, a great advantage. 

| Fr. Rodés examined in the light of his theory the unrevised data for the Coast 
nd Geodetic Observatory times of the fifteen S.C.s during 1906 to 1909, as well as 
| variety of data for more recent S.C.s, and he considered apparently that the results 
ere rather favourable to his theory. 


§ 3. 

In the recent Paper by Messrs. Bauer and Peters the conclusions reached as to 
me easterly or westerly propagation of S.C.s at the rate required by Dr. Bauer’s 
vriginal theory seem to be in practical agreement with the conclusions reached by 
vrof. Anzenheister and myself, but there is no clear explicit statement on the subject. 
(his is the more to be regretted owing to the doubts thrown on the data which we 
imploved. After referring to the revision of the Coast and Geodetic Observatory 
j.ata mentioned above, they say (l.c., pp. 49 and 50) ‘‘ the revised data were published 
a‘ Terrestrial Magietism,’ Vol. 16, pp. 200-204, 1911. It had been theintention to 
jollow the same procedure for other observatories in order that a discussion might 
»e based on strictly homogeneous data; however, various matters operated to 
irustrate this plan. In the meantime, discussions of the published data for the 
5 cases were undertaken and published by Dr. G. Angenheister and by Dr. C. Chree. 
n neither case was any attempt made to use only strictly homogeneous data. As a 
‘roup, the time scalings for the four observatories in England differed more amongst 
‘-hemselves than those for any other similar group, as, for example, the one composed 
of the observatories in India and Burma. The observatories in England showed 
‘anges, which in a number of cases amounted to from 4 to 6 minutes of time (in the 
case of disturbance 132 the Z-times at Greenwich and Falmouth differed by 10 
minutes from one another). . . . So also Angenheister failed to note in his publica- 
ion that in the case of disturbance No. 3a (December 21, 1906), for example, his 
mes of beginning of the disturbance at Samoa Observatory (Apia), both for 
leclination and horizontal intensity, . .. were systematically about 3 minutes 
ess than the corresponding times at the Potsdam Observatory. ...” The failure 
of Prof. Chapman and Fr. Rodés to employ “ strictly homogeneous data”’ is also 
commented on. 


i 


§ 4. 

As regards Prof. Angenheister, it may be pointed out that, since Samoa and 
otsdam differ in longitude by about 175°, the phenomenon now commented on so 
infavourably by Bauer and Peters would have been eminently reasonable if Dr. 
3auer’s original theory had been correct. As regards my own alleged shortcomings, 
t may be pointed out that I explicitly stated the belief that the differences in the 
imes recorded were mainly at least of instrumental or observational origin. There 
vas thus no more reason for me to concern myself about the differences between the 
our English stations (for three of which I had no responsibility) than about the 
lifferences between any other four stations near to or remote from one another, 
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As a matter of fact, Uccle, Val Joyeux, Tortosa and Pola, stations representative 
of S.W. Europe, will be found to exhibit at least as much diversity. oe 
the case of S.C. No. 13, particularised by Bauer and Peters, the extreme di a 
from the mean time were exhibited, not by Falmouth and Greenwich, but by a 
mouth (—7-4 m.) and Val Joyeux (+6-0 m.). I had explicitly called attention to 
this case in the following words (l.c., p. 142): ‘‘ The Falmouth and Val Joyeu x 
estimates for disturbance No. 13 appear abnormal, but were retained as they rough] 
neutralise one another in the mean.’’ The method employed in my Paper—whi h 
has also been used a good deal by Bauer and Peters—was to calculate a mean time 
for each S.C. from the times recorded at all the stations, and use the difference of 
individual stations times from this in the discussion. Eighteen stations had supplied 
V-times (V=Z) for S.C. No. 13. Thus the retention or the omission of both Falmouth | 
and Val Joyeux would not affect the mean time by as much as 0-1 m. Further, in 
any grouping of stations, Falmouth and Val Joyeux, owing to their geographical 
proximity, would naturally come in the same group, and the suspected data would 
again largely neutralise one another. In various other cases, as stated on my p. M40, 
I did omit suspicious data, excluding, in fact, all data from one station. é 
Prof. Chapman, for his part, as explained on his p. 209, omitted all times which 
differed as much as 2 minutes from the mean. Thus the charge of exhibiting am 
uncritical attitude to the data—data which, it should be remembered, had been 
published by Dr. Bauer himself—can hardly be fairly urged against either Prof. 
Chapman or me. 


‘2 


§ 5. 
I am far from denying that greater consistency might have been obtained if 
all the curves had been re-measured by some one person with guidance obtained » 
from the Potsdam curves. But it would have been difficult under such circum-— 
stances to secure perfect impartiality in the results. The fact that the data did 
not suffer sensibly from want of revision, so far as the immediate object in view 
was concerned, seems fairly obvious when we compare the mean times which I found - 
for the several S.C.s with those now given as derived from the “ homogeneous ”’ 
data at Potsdam and the five Coast and Geodetic Stations (Sitka, Baldwin, Chel- 
tenham, Vieques and Honolulu). Bauer and Peters give mean times separately, 
as I did, for the three elements declination (D), horizontal force (H) and vertical. 
force (Z or V). Angenheister and Chapman confined themselves to H. Besides 
giving separate times for the three elements, Bauer and Peters give a composite 
mean time which allows weights of 3 to H, 2 to Dand1toV. These weights are 
not unfairly representative of the relative importance of the elements, and this 
composite mean, though certain objections can be urged against it as a physical 
quantity, affords at least a convenient basis for comparing my mean times with 
those of Bauer and Peters. Calculating from my data 3-element mean times after 
the fashion of Bauer and Peters, the resulting times for the 15 S.C.s (algebraically) 
exceed those now given by Bauer and Peters by the following individual amounts : 
+0-4m., —0-3m., +0-3m.,, +0-2m., +0-2m., +0°2m.,+0-5m., —0:3 m., —0O'lm., 
—0:1 m., —0-3 m., +-0-2 m., —0-3m., —0-6 m., —0-2m. The mean of these fifteen 
excesses is —0-01 m., showing that the differences may be treated as accidental. In 
only one case, No. 14, does my time differ by more than 0-5 m. from that of Bauer 
and Peters. On that occasion there is a difference of 1:2 m, between the times derived 
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iy Bauer and Peters from the D and H curve measurements, the difference in my 
fase being 0-6 m. 


§ 6. 

| As was pointed out in my original Paper, the differences between the times of 
}).C.s derived from the D, H and V curves on an individual occasion, though con- 
faining a large accidental element, are partly of a systematic character. At the 
j.verage station there is a decided tendency for the D time to be earlier than the 
j’, and the H time earlier than the D. As shown in my Table V (Lc., p. 147), the 
fmeans of these time differences for the 15 S.C.s, allowing equal weight to each station, 
respective of the number of data it supplied, were D—H=-++0-24m., and V—H 
j=--0-65 m. This phenomenon cannot be assigned to the lack of “‘ homogeneity ”’ 
in my data, as it is clearly apparent in the data in Bauer and Peters’ Table ILI 
‘Lc., p. 53). For the testing of Dr. Bauer’s original theory, or that of Fr. Rodés, 
which postulates a similar comparatively slow rate of propagation, the above phe- 
aomenon is unimportant. 
But it is otherwise when we have to do with theories such as Chapman’s, which 
iP ostulate a much higher rate of propagation. The question thus demands further 
‘consideration. 
An S.C. is neither infinitely large nor infinitely rapid. Also a change of curve 
jordinate to be perceptible must attain a certain size. Thus some interval, whether 
fe fraction of a second, a few seconds, or a number of seconds, must elapse before 
an S.C. movement on a magnetic curve is recognisable. The time will naturally be 
shorter the larger the component of the disturbing force affecting the particular 
/Magnetograph, and the more sensitive the magnetograph. A good idea of the 
general character of S.C.s at different parts of the earth may be obtained from 
plates XIX to XXVII of the volume “ Terrestrial Magnetism, British Antarctic 
Expedition,” 1910-13. The traces of three elements are shown, and the correspond- 
‘ing scale values are indicated by the length of the arrows drawn adjacent to the 
‘curves, each representing 50y. In some cases N (north component) and E (east 
component) are shown instead of H and D, but there is usually a close resemblance 
between N and H changes. It is at once obvious that the change in H is usually 
much the largest, especially in low latitudes. In a D magnetograph the equivalent 
in force of 1’ varies directly as the local value of H. In ordinary magnetographs 
1 mm. of ordinate represents roughly 1’. Thus, as measurers of force, D magneto- 
graphs are apt to be insensitive instruments near the magnetic equator, where H 
is large. The short length of the arrows representing 50y in the case of the Alibag 
(Bombay) and Honolulu D curves in the plates referred to above at once catches 
the eye. These considerations might explain a small lag in the times derived from 
the D and V curves, as compared with those derived from the H curves, but they 
certainly do not account for all the phenomena observed. It is true that the D-H 
difference is specially prominent in the ‘‘ homogeneous ”’ data from those two of 
Bauer and Peters’ stations, where H is highest, being +0-83 m. at Honolulu and 
0-58 m. at Vieques. But Bombayis a station with a still higher value of H, and 
for it I got D-H=—0-19 m. If, moreover, we regard a station as good or bad 
according as the times assigned at it differed little or much from the mean of the 
times assigned at all the stations, Bombay was better than the average. A positive 
value for D-H may be, of course, a purely natural phenomenon, the disturbing force 
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having initially no horizontal component perpendicular to the magnetic meridian. 
But it is difficult to believe that this could be a general phenomenon, 1n view of the 
continual secular change and other considerations. Ifit were a natural phenomenon, 
we should at least expect similar results at stations in the same part of the world. 
While, however, D-H at Uccle on an average from 13 S.C.s was +0-42m., at Wil- 
helmshaven, on an average from 12 S.C.s, it was —0-71 m. At one non-British 
station, which need not be specified, the mean value of D-H was +3-05 m., no one 
pifference exceeding 5-6 m. In such a case one would think there must be some 
deculiarity in the way of marking or measuring the times. 


we 

As regards a difference between the V and H times, a total absence of a vertical 
component at the start seems a priori a much less unlikely contingency than a total 
absence of a D component. V might again alter initially as the square of the time, 
while H altered as the first power. On the other hand, an instrumental lag of a 
frictional kind in the ordinary Lloyd-balance V magnetograph is not at all an unlikely 
contingency. I am afraid the V phenomena during S.C.s are unlikely to be satis- 
factorily ascertained until use is made of a horizontal coil and galvanometer, such 
as Dr. Crichton Mitchell* has employed at Eskdalemuir. However this may be, 
the fact remains that when a mean value of V-H was calculated for each of the 
15 S.C.s, from all the stations available, a plus value was obtained for every S.C., 
except No. 1, for which the result was zero. When the stations were considered 
individually, all the S.C.s available being utilised, a negative value was obtained for 
two or three stations which had supplied data for only afew S.C.s ; but of the stations 
which had supplied data for a majority of the S.C.s only one (Bombay) gave a negative 
value, and as it was only —0-04m. it hardly counts. As in the case of D-H, there 
were a few stations at which the phenomenon could hardly be explained by anything 
but some peculiarity in marking or measuring times. In one such case, again a 
non-British station, the mean value obtained for V-H from 135S.C.s. was +3-25m., 
all the differences being positive and none exceeding +-4-8 m. 


ee: 


The values of the D~H and V ~H time differences for the “homogeneous” — 
data employed by Bauer and Peters are naturally of special interest, because they 
must inevitably influence our attitude to Bauer and Peters’ conclusions. These — 


differences are given in the following table, the stations being arranged in order 
of geographical latitude. 


TABLE I.—Differences in Mean Times for D, Hand V, 


Mean time | 


S54 1- | a) - | + . elt Me 
Hisarence Sitka, Potsdam. | Baldwin. | rae Honolulu. Vieques. | 
| : 
eas: = S| ee sctiotiees | sia la j eae Rae painless 
mL we mn mn m m 
poe | qs +0-01 | +019 | 40-07 +0:83 -+0-58 
; br +-0-89 |} +030 | +0-17 +0:52 


+0:32 


It will be observed that the value of V-H at Potsdam is decidedly in excess of 
* Proc. Roy. Soc. of Edinburgh, Vol. 45, p. 297. 
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\the mean derived in my Table V (l.c., p. 147) from all the stations available. The 
jother values, except those for D-H at Honolulu and Vieques, are smaller than those 
yat the average station. It is obvious, however, that they might be rather vital 


when it comes to testing Chapman’s theory, or any theory depending on similarly 
small time intervals. 


§ 9. 
| After giving the D, H and V times of the 15 S.C.s at their 6 selected stations, 
hand a variety of statistical deductions therefrom, Bauer and Peters proceed to a 
ydiscussion of Fr. Rodés’ theory. They conclude that the phenomena are not com- 
patible with at all as slow a rate of propagation as this theory requires. Then, after 
,a mere reference to Prof. Chapman’s theory, they proceed in their § 22 to test the 
|hypothesis that S.C.s more often travel easterly than westerly, and conclude that 
“ The average speed of propagation . . . would apparently be about 1,000 km. 
| per second eastwardly.’’ In their § 23 they then try the hypothesis that the direction 
of propagation is towards the west, and on this hypothesis find that ‘‘ the apparent 
speed of westwardly propagation is about 800 km. per second.’’ In their § 24 the 
authors proceed to say “‘ But thus far we are unable to determine definitely in which 
' direction, on the average, the abrupt disturbances (their name for S.C.s) are actually 


| 


propagated. ... Finally the desired clue was obtained by computing the mean 
magnetic latitudes of each group [they had arranged the 6 stations in groups of 
3 or 2]... whether we grouped the observatories according to increasing east 


longitude, or according to increasing west longitude, in either case the magnetic 
latitude was increased in going from the first to the second group [i.e., from the 
group giving the earlier to that giving the later mean time for the S.C.s}._ A pre- 
liminary examination indicates that this fact was the chief cause for the conclusion 
reached in 1910” (already given above). A discussion of the hypothesis that S.C.s 
“ progress generally according to increasing magnetic latitude”’ follows in their § 25. 


§ 10. 

Before discussing the results further, the use of the term “‘ magnetic latitude ”’ 
requires explanation. Bauer and Peters’ magnetic latitude 9’ is really defined as 
o’=tan7! (tan J), where J is the true dip. The term has a precise physical sig- 
nificance in the case of a uniformly magnetised sphere. If g=z/2 represents the 
magnetic axis of such a sphere, it is easily proved that 


tan J=2 tan 9. 


As is well known, the first order terms in the Gaussian analysis of the earth’s magnetic 
potential are much the largest, and the earth’s magnetism, so far as expressed in these 
terms, is the same as that of a uniformly magnetised sphere whose axis is inclined 
to the axis of rotation (geographical axis) at some 12°, the northern end of this axis 
being not far from 70°W. It is not unusual to speak of the axis of the first order 
Gaussian terms as the earth’s magnetic axis, etc. When this is done, we naturally 
think of lines of equal magnetic latitude as small circles on the earth’s surface, having 
their centres on the magnetic axis, and otherwise analogous in every way to lines 
of geographical latitude. But the first Gaussian harmonic supplies only a first 
approximation to the earth’s real magnetism, and it is a somewhat rough approxi- 
mation when it comes to the question of the true position of the magnetic poles, 


42 Dr. C. Chree on 


defined as the places where the dipping needle is vertical. If we define 9’ as Bauer 
and Peters do, we must take the earth’s true isoclinals as lines of equal magnetic 
latitude. The complications that ensue will be obvious to anyone who considers 
even the smoothed isoclinals which do duty on world charts. The geographical 
distance between two given isoclinals is a very variable quantity at different parts 
of the earth’s surface. If the time of passage of an S.C. from one isoclinal to another 
is invariable—as is implied by Bauer and Peters’ calculations on their pp. 59-61— 
the real velocity of propagation must be very variable. When we pass to true 
isoclinals there are often large local irregularities. There are even in places small 
complete ovals. Thus, if we had transmission strictly following the direction of 
increasing dip, we should in some adjacent regions not near the equator have pro- 
pagation in diametrically opposite directions. 
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The results which appear much the most favourable to this final hypothesis 
of Bauer and Peters are those given in their Table XI (1.c., p. 59), as derived from the 
H times of the 15 S.C.s at their six stations. These are given below in Table II. 
OT means the departure of the time given by the individual station from the mean 
of the times at all six stations. The information as to the geographical co-ordinates 
has been added to give an idea of the zig-zag nature of the motion which is suggested 
by the values of 6T, if accepted as physical facts. 


TABLE II. 

Station. | Tat.N. | Tong. Ww. | @’ | 8T | 

| es : ~ m | 
Henly 44. <1. nl 21-3 | 1581 22-7 / —0-74 
Vieques was Nie ae 18-1 65-4 30-4 —0-27 
Potsdam ojj.- ae © as: 52-4 346-9 48-7 +0-05 
Beliwing Pace, beet er 38-8 | 95-2 | 52-2 | -+0-12 
Cheltenham Re aie 38:7 . 76-8 | 54-7 | +014 
Sitka i ae 57-0 | 185-8 61-2 | 40-67 


The formula 67 =x 9’, with x the velocity per 1° of g’, applied to the data in 
Table IT by Bauer and Peters, is said to show a correlation coefficient of 0-96. 

In a second investigation the authors employed the less homogeneous results 
of all the (29) observatories arranged in eight groups according to magnetic latitude. 
In this case V supplied the results most favourable to the hypothesis. Stations with 
southerly dip appear in the same group as stations with corresponding northerly 
dip, in strict accordance with the view that the direction of propagation is from the 
(magnetic) equator towards either pole. In both these investigations the times 
derived from D gave very poor support to the theory. Some H data were also 
considered from an additional 15 S.C.s recorded in 1922 to 1925. On their p. 67 the 
authors summarise their results as follows : 

“§ 34. Such evidence as could be obtained from the data at the observatories 
chiefly considered in this Paper (suggest that ?) the speed of progression of an abrupt 
disturbance (i.e., an S.C.) around the earth may be 1,000 kilometres per second, or 
more. The average speed of progression in magnetic latitude, from the combined 
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_ testimony of the 30 disturbances, would be about 100 kilometres per second, so that 
jf an abrupt disturbance progressed uninterruptedly from the magnetic equator 
to the magnetic pole it would take about 1:8 minutes. There may also be cases in 
| which an abrupt disturbance will occur everywhere simaltancously in so far as can 
be determined with the instrumental appliances in general use. § 35. We regard at 
| present the foregoing ideas chiefly as a working hypothesis to be tested with the aid 
) of additional material... .. é 


§ 12. 

It may be noted that an equatorial velocity of 1,000 km. per second would give 
about 40 secs. for the circumnavigation of the earth. As this seems the lowest velocity 
|, now claimed for east~ west propagation, we may presumably regard Dr. Bauer’s 
_ original view that S.C.s perambulated the globe in from 3 to 7 minutes as definitely 
i abandoned. But this seems the only definite result reached. 

| If the true interpretation of the “ working hypothesis ”’ is that an S.C. originates 
| simultaneously everywhere in the magnetic equator, and thence travels towards 
both true magnetic poles, this would imply in the North Atlantic and in Western 
| Europe a geographically western component, and in the southern Atlantic an easterly 
| component. In a large part, however, of Asia, Eastern Africa and Eastern Europe 
the direction of propagation would be nearly in the geographical meridian, and in 
most areas there would be a considerable component in that direction. It would 
thus appear worth while considering what conclusions I drew from my original 
investigation into the possibility of a north-south direction of propagation, though 
it is not referred to by Bauer and Peters. Itis true that I assumed that the direction 
of propagation was the same and not opposite in the northern and southern hemi- 
spheres. But this could not make much difference to the result, as only three of the 
stations I employed had southerly dip, and they were all in low latitudes. The 
following is the conclusion I drew for H from the data of 30 stations (l.c., p. 141): 
““So far as H is concerned, there seems no more evidence of motion of disturbances 
(S.C.s) along meridians than there was along parallels of latitude.” In the case of 
V only 26 stations were available, and some of these gave data for a minority of the 
S.C.s. The conclusion drawn (l.c., p. 142) was as follows: “In disturbance No. 1 
there is a suggestion of motion from south to north, the first seven entries (station 
differences from mean time, the stations being arranged according to decreasing 
northern latitude) being all plus and the last six all negative. The numerically largest 
values, however, both positive and negative, occur in intermediate latitudes, and the 
phenomenon may be quite accidental.”’ 


Sc: 


In view of Bauer and Peters’ conclusions, especially their suggestion of oppositely 
directed propagation in the two hemispheres, I have looked at the data again, and 
give in Tables III and IV some data which appear to throw some further light on 
the subject. 

Table III reproduces some of the results I had obtained for the differences 
between mean times for H, D and V at the individual stations, and at all the available 
stations combined. The last column, containing a combined mean which allows 
weights of 3to H,2to Dand1toV,is new. The data assigned to those of Bauer 
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and Peters’ stations included differ slightly from those deducible from Bauer and 
Peters’ own figures, because my all-station means differ from theirs. 
Taste IlI.—Individual Station Time Differences. 


Station. Latitude. Difference from Mean-station time (minutes). 
ar. Geog. Mag. H D Vv 3 elements. 
RSA aor Ne ROL ON P opO-Ta 9 i oes +0-27 | +0-57 
| Ekaterinburg | 87, | 8 , | +078 | +065 | +108 | -+0-79 
| Stonyhurst ... vale SOE IT) OE) ve, Mh OPTS —0-77 —100 | —0-79 
| Wilhelmshaven ... 54 ,, | 51 ,, | 0-34 —L21 | —0-69 
Pectden ae BPA ay, 49 ,, | +011 | —O-12 | +035 | +0-07 
Greenwich ... ...| 51 ,, | 50 ,, | +047 | +036 | 40-12 | +0:37 4 
- Helwan RRL ABO ans 23 ,, |. +0-03 +0-84 | +0-59 +-0°39 

Honcialives-. 0) 4.) — 21.4» OEE —0-68 —0-09 —0-81 —0-50 
Bombay te erat 7 10 ieee Gl hee —0-24 —0-67 | -—0-93 | —0-50 
| Vieques Ried LS. 31 ,, | +0-11 40-55 +013 | 40:26 | 
| Kodaikanal ... As Omer Mes --0-81 —0-25 +0-24 | +036 | 
| Buitenzorg ... ... 7S 17°97 |. tas —0-55 —0-76 | —0-43 | 
_ Samoa ave oan 14 th ee —0-18 —0-30 | +085 | —0-05 | 


It will be obvious to any mathematician on inspection of Table II that the 
conclusion drawn by Bauer and Peters from the H data, as to the motion from south 
to north magnetic in the northern hemisphere depends mainly on the two stations 
of extreme magnetic latitude, Sitka and Honolulu. On looking at Table III it will 
be seen how peculiarly favourable to the theory the choice of these two stations 
happened to be. Ekaterinburg, it is true, might have been as favourable as Sitka, 
and Bombay in the case of V and D, though not in the case of H, as favourable as 
Honolulu. Also Greenwich might have been as favourable as Potsdam. But the 
substitution of Stonyhurst or Wilhelmshaven for Sitka, and of Kodaikanal or Helwan 
for Honolulu would have made all the difference in the world to the results. In 
the case of V the opposition presented by Buitenzorg and Samoa is most striking. 


We might, in fact, select six stations which would lead to results diametrically opposed 
to those of Bauer and Peters. 


§ 14. 

Inspection of my Table VII (Lc., p. 151) did, however, suggest that if we concede 
the possibility of propagation along geographical meridians, or along curves ortho- 
gonal to isoclinals, more is to be said for propagation to the north than for pro- 
pagation to the south in the northern hemisphere. The stations were divided into 
two groups, according as the station time was earlier or later than the all-station 
mean time. This was done for H, D and V separately. The results are given in 
Table IV, magnetic latitude having the meaning assigned it by Bauer and Peters. 
When either group of stations contained a station or stations having southerly 
latitude, two mean latitudes were calculated, the one arithmetical (unbracketed), 
the other algebraic (bracketed). The former figure should be employed in connexion 
with Bauer and Peters’ hypothesis. The latter gives velocity the same direction S. 
or N. everywhere. A difference between the mean latitudes found for the two 
groups of stations is favourable to a finite rate of propagation, the result being the 


more favourable the larger the difference between the two mean latitudes. The 


results, it will be seen, are all favourable to propagation from the magnetic equator or 


from south to north in the northern hemisphere. The difference figures in brackets for 


. 
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the two mean latitudes are in excess of the unbracketed. Thisis at least not unfavour- 


able to the view that the velocity has the same direction in the two hemispheres. 


Whether we take geographical or magnetic latitude, the element the results 
from which appear most favourable to the hypothesis of propagation with a finite 
velocity is V, and as we have already observed it is the element instrumentally most 


TABLE IV.—Mean Latitudes of Groups of Earliey and Latey Stations. 


Mean geographical latitude. | Mean magnetic latitude, 

_ Group of stations. §_————_— —— a ee Se 
Veh D | V | H D V 
| ; ° ° | ° ° H ° ° ° °o ° ° | ° ° 
| Earlier... Sys ...| 36-0(28-1) | 36-7(29-8) | 30-0(23-6) | 33-5(26-3) | 33-7(27-5) | 27-5(22-3) 
| Later ... ee: cerinooel 39-4 41-9(39-9) | 40-4 41:3 41-9(39-6) 

Latitude difference ...| 3-7(11-6) 2-7 (9-6)| 11-9(13:3)| 6-9(14-1) | 7-6(13-8) | 14-4(17-3) 
Time difference... ...) 0-85m. | 0-82 m. 1:43 m. 0-85 m. 0:82m. | 1-43 m. 


open to suspicion. Even in the case of V the results do not really afford much sup- 
port to Bauer and Peters’ theory. If 90° in latitude were really covered in 1-8 m., 
we should expect a much greater difference between the mean latitudes from the two 
groups of stations in view of the large differences between the corresponding mean 
times. 

§ 15, 

A theory which suggests propagation from the equator to the poles is much 
more difficult to test satisfactorily than one which suggests propagation completely 
round the earth, or from one end of an equatorial diameter to the other. There are, 
in the first place, only 90° from equator to pole (geographical or magnetic). Then 
there are few magnetic observatories in either equatorial or high latitudes. Of the 
30 observatories included in my Paper only one had a magnetic latitude less than 
10°, and only three had magnetic latitudes greater than 55°. Bauer and Peters’ 
six observatories gave a range of magnetic latitude of only 38-5°. 

To test satisfactorily a rate of propagation from the equator such as 90° in 
1-8 m. by means of records from existing observatories obviously calls for higher 
time accuracy than suffices to test either Dr. Bauer’s original theory or that of Fr. 
Rodés. This is all the more true because—as the Antarctic volume referred to above 
clearly shows—S.C.s change their type with magnetic latitude. At stations like 
Bombay, Mauritius or Helwan, in lower latitudes, the H movement, which is far the 
most important, seems normally to be unidirectional (an increase of H) ; whereas in 
higher latitudes—e.g., at Eskdalemuir or Sitka—it is generally, if not always, oscil- 
latory. Again, curves in higher latitudes are much more subject than those in lower 
latitudes to irregular small oscillations, and the presence of these may make it difficult, 
if not impossible, to say exactly what the S.C. movement has consisted of. 

Another consideration is that Bauer and Peters’ latest hypothesis may easily 
undergo transformation. The idea of a disturbance propagated from the equator 
to both poles may recommend itself to those who suppose, with Prof. Stérmer and 
Dr. Van Bemmelen, that a ring of ions in the upper atmosphere over the magnetic 
equator is responsible for some of the phenomena of magnetic storms. But, 
obviously, others might think the S.C. more likely to originate in one or in both 
auroral zones. We might thus have variants of the theory, some postulating move- 
ment invariably to or from the magnetic equator, others postulating the same direc- 
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tion of motion whether north or south all the way between the auroral zones. Tf, 

moreover, a velocity as low as 90° in 1-8 m. proved untenable, an enhanced velocity 
i ested. 

might be sugg ery 

My principal reason for discussing the matter at such length now is that, at the 
last meeting of the International Union of Geodesy and Geophysics, a sum of money 
was voted to the Section of Terrestrial Magnetism and Electricity for the purpose of 
installing at a few stations special apparatus for ascertaining whether S.C.s do or 
do not undergo propagation at a finite rate. It will, I think, be generally agreed that, 
whatever theory or theories there may be to test, the same magnetic element or 
elements should be recorded at the special stations. Financial considerations may 
require a single element to be selected, and an early decision on that point may be 
necessary. The stations most suitable for the purpose have also to be considered. 

For ordinary purposes the D magnetograph has much to recommend ik Soe 

is the simplest toconstruct. Its scale value is invariable, and there is no temperature 
coefficient. On the other hand, for this particular enquiry the H magnetograph has 
special advantages. It is easier to determine accurately the commencing time of 
a large than of a small movement, and in the case of S.C.s the H movement is usually 
much the largest. Again, as explained above, whatever the reason, the commencing 
times found for S.C.s from the H curves tend to be earlier than those derived from 
the D or V curves. Thus we should naturally feel more confident of having timed 
the real commencement if we used an H magnetograph than if we used a D or a 
V magnetograph. To test any theory such as Bauer’s original theory, or those of 
Chapman and Rodés, in which the direction of propagation is approximately east 
and ‘west, it is obviously desirable, if an H magnetograph is used, to select stations 
in which the H S.C. movement is of acommon type. This suggests that the stations 
should be in a comparatively low latitude. A comparison of records from a number 
of. possible stations would be a desirable preliminary to a final selection of stations. 
Bauer's original theory may require no further testing, but there remain Chapman’s 
and any number of possible intermediates between it and Rodés’ theory. 
It would seem desirable to deal thoroughly first with east-west propagation. 
The test of south-north propagation promises to be a more difficult job, and it would 
be well in any case to allow further time for the criticism of Bauer and Peters’ last 
theory or for the proposal of modifications of it. 

Local characteristics seem to play a greater part in the vertical component 
than in the horizontal components during ordinary magnetic disturbance, and the 
same may be true even for S.C.s. Thus an investigation of the H phenomena may 
not exhaust the subject. But in the case of the ordinary V magnetograph it is 
difficult to feel sure that the record of rapid changes of force is free from instrumental 
peculiarities, and it might be well to await the development of instruments employing 
a horizontal coil and a galvanometer. 


DISCUSSION. 

Mr. F. E. Siri said that the expression “ homogeneous data ’’ appears to mean the same 
as i. arbitrarily selected data,” and physicists are indebted to the author for his strenuous 
insistence on a rigorously scientific examination of the theories that have been put forward. 
The type of apparatus required for settling the questions at issue would depend on the theory 
to be tested. A theory which postulates a comparatively slow rate of propagation of the sudden 
commencements could very easily be tested with the aid of wireless time signals, but if the time 


differences between the sudden comimencements at different stations be very small; the problem 
becomes much more difficult, 
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ABSTRACT. 


In measuring temperature by thermocouples in unequally heated enclosures it is shown 
» that the recorded temperature depends upon the thickness of the couple, the nature of the walls 
of the enclosure and the nature of the gas. An explanation is suggested based upon the fact 
'that the amount of radiation received and emitted by a couple depends upon its position in 
) the enclosure, and that the amount of energy transferred to it by molecular impact varies with 
the nature of the gas. 


INTRODUCTION, 


[N a Paper on “The Temperature Gradient in Gases at Various Pressures,” 
Mandell and West,* using a chamber consisting essentially of two large 
horizontal, parallel plates, the upper plate being kept at a constant high temperature, 
| whilst the lower was kept cool, showed that with two thermocouples of different 
| diameters there was a small, but definite and systematic, difference in the 
temperatures recorded by them in air at atmospheric pressure. Two comparatively 
thick couples (diameters 0:0126 and 0-0209 cm.) were used and, for a temperature 
difference of 130°C. between the two plates, the readings of the couples varied by 
: about -++14°C. _Henderson{ using a single couple showed that the recorded 
_ temperature appeared to be too low near the hot plate and too high near the cold 
plate and attributed this to a radiation effect. 

The experiments described in the present Paper were devised to investigate 
this interesting phenomenon of different recorded temperatures by different 
couples. It was thought that by using couples varying considerably in thick- 
ness, and with a much larger temperature gradient in the gas, the effect would 
be increased, The experiment therefore resolved itself into determining as 
accurately ‘as possible the difference in temperature recorded by thermocouples 
when placed side by side in the same horizontal plane in the gas. It was also 
thought possible that the nature of the gas and the nature of the surfaces of the 
enclosure might have some influence on the results. 

If the temperature differences varied in a uniform manner with the thickness 
of the couples, it was sought to find how they differed in temperature from a couple 
of zero diameter by a method of extrapolation first suggested by Kreisinger and 
Barkley.t As will be seen later, the results reveal the interesting and important 


* Proc. Phys. Soc., Vol. 37, p. 20 (1924). 
+ Phys. Review, Vol. 50, p. 26 (1920). 
+ Bull. U.S. Bureau of Mines, 145 (1918). Kreisinger and Barkley measured the tempera- 


ture of a stream of air flowing through different types of boilers. 


48 Mr. W. Mandell on 


—bright or black—of the walls of the enclosure, and also upon the nature of the 
gas in which it is placed. 
APPARATUS. 


The apparatus used was practically the same as in the previous Paper 
excepting that the sides of the chamber consisted of a glass cylinder 1-95 cm. on 
It will be seen, therefore, that we have in effect a layer of gas some 2 cm. t 7 
enclosed between two horizontal plates—under conditions in which convection, an 
the influence of the sides on the main body of the gas may be assumed negligible, 
and in which the lines of flow of ae at any rate, through the central portion 

ay be assumed vertical. 
y: Pr pales Se oe porcelain platform was used as before, and now 
carried four thermocouples of different diameters. 


PREPARATION AND CALIBRATION OF THE THERMOCOUPLES. 


The thermocouples were of copper and constantan and for convenience are 
denoted by the terms (a, very thin, diam. 0°0044 cm.), (f, thin, 0-0123 cm.), (y, 
thick, 0:0195 cm.) and (6, very thick, 0-0315 cm.). ' 

They were made by fusing the wires together ‘“‘ end-on”’ in a reducing flame. 
Several hundred couples were made until specimens were obtained showing no blob 
at the junctions when examined under a microscope. When fixed their general 
appearance was that of four almost coplanar parallel cylinders of equal lengths. 
The couples were placed on the platform in the order 6, f, y, a, that is, not in — 
the same order as their thickness, the distance between the two outside couples — 
being 1-2 cm. 

In regard to the couples on the hot and cold plates, a convenient method had 
to be devised so that they could be detached easily for re-calibration without — 
unsoldering them, as this might alter their e.m.f.s. Small, thin, circular-brass : 
discs of about 1 cm. diameter and of the same material as the hot and cold plates 
were employed. The couples were “ hard-soldered’”’ on to the brass discs, which 
were then screwed into holes in the hot and cold plates at a distance of about 
1-5 cm. from their centres until the surfaces of the brass discs were level with the _ 
plane experimental surfaces. 

Since the differences of temperature to be measured were’ only of the order of 
a few degrees, all the couples had to be very carefully calibrated and an accurate 
method of reading to ;1,°C. had to be devised. 

Before the six couples were actually fixed in the apparatus they were calibrated 
in an electrically heated black-body enclosure against a mercury-in-glass 
thermometer. It was found that on keeping them at a temperature of 160°C. there 
was a gradual change in their e.m.f.s for about 20 hours. The actual calibration 
was not begun until after heating for about 50 hours. The e.mf.s of all the 
couples were then read for 28 different temperatures, a considerable time having 


to elapse between each set of readings, until the temperature was absolutely 
steady. 


* Tyoc, cit, 


Thermocouples. 49 


As was to be expected, for any fixed temperature, the e.m.f.s of the couples 
ere not quite the same and, in fact, were found to be in the decreasing order a, 
», 6, B. A graph of such large dimensions was required that it was considered 
-hat the readings for 28 different temperatures were not sufficient, so the following 
i of graphing was employed. The temperatures of the enclosure were plotted 

s abscisse and the differences of e.m.f. between the very thin couple and the 
lother platform couples were plotted as ordinates, the result giving three parabolas. 
With the help of this graph the proper e.m.f.-temperature graph for all the couples 
could be constructed after drawing the smooth curve through the 28 points for the 
verythincouple. It follows that this method was especially accurate for the measure- 
ment of small temperature differences. The couples were recalibrated after using 
‘or six months and at other times, and had not changed to any measurable extent. 


' METHOD OF CARRYING OUT AN EXPERIMENT. 


| The apparatus was filled with the dry gas at atmospheric pressure. The hot 
land cold plates usually took three to four hours to attain the temperatures chosen, 
before steady conditions were obtained. The platform thermocouples which had 
reviously been placed as close to the hot plate as possible were then gradually 
‘moved down by measured steps, until the cold plate was reached. At each step 
ithe e.m.f.s registered by all the thermocouples, including those on the hot and cold 
plates, were noted. These observations usually took one and a half to two hours, 
since for each movement of the platform it was necessary to await steady conditions, 


RESULTS. 


The first series of graphs records the results obtained with gases at atmospheric 
pressure, the hot and cold plates having highly polished brass surfaces. In this 
series of experiments the distance of nearest approach of the couples to the hot 
plate was 1-25 mm. 

) Graph 1 is typical of about twenty experiments obtained with air, and is con- 
structed from the data of the first four columns of Table I. The hot plate was at a 
% TABLE I (Graphs 1 and 1A). 


Brass Surfaces. | Air, Saas Temperature i en a 
| Diff 6 Distance 
a B ¥ 5 ifferences (°), fa Para 
V. Thin. Thin. Thick. V. Thick. { { from 
aandB | aandy | aand8 jhot plate. 
206:35 205°8 | 204-4 203-25 —0°55 —1:95 | —3-1 1-25 
200-00 198-0 195-3 193-85 —2-0 —4-7 —6:15 1-70 
188-7 185-0 182-25 180-4 —3°3 — 6-45 —8°3 2-60 
177°5 174-4 171:35 169-4 —3-1 —6°25 —8-1 3°55 
167°5 165-0 161:9 160-65 —2°5 —5°6 —6-85 4:65 
1533 | 1524 149-1 148-5 —0-9 —42 —4:8 6-50 
132-95 133-1 132-0 131°3 +0:15 —0:95 — 1-85 9-10 
113-45 115°3 115-25 114-9 +1-85 +1°8 +1°55 11-30 
96°25 99-05 99-45 100-15 +2°8 13-2 +3°9 13-30 
86-5 90°4 91-85 91-9 +3:9 +5:35 +5:°4 14:45 
76:95 81-4 83-5 83:8 +445 + 6:55 +6:-85 15°35 
67°5 72-4 75-1 75°3 +4-9 +7:6 +7:8 16-20 
58-7 63-9 56-4 66:9 +5:2 +7°7 +8:-2 17-00 
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temperature of 220-4°C., and the cold plate 20-0°C. The dotted straight line joining 
these temperatures would represent a uniform temperature distribution betweet 
the plates. The experimental curves, however, as can be seen, deviate markedly from 
such a line, and furthermore, the temperature distribution as recorded by the couples 
varies in a regular manner with the thickness of the couples. It will be seen that the 
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| 
‘ne temperature differences in degrees between the very thin (a) and the other 
aH atform couples, the ordinate being drawn below 0—0 if the temperature be lower, 
iad above, if higher than that of the thinnest couple. It will be noticed in this 
md similar graphs that three straight lines are obtained which bend sharply when 
few millimetres from the hot and cold plates. 

When a result similar to Graph 1A was first obtained showing, as it does, a 
lifference of +8°C. between the a and 6 couples, it was thought that perhaps heat 
[ being conducted from the wires, the thicker couples being, of course, the better 


nductors. On referring, however, to Fig. 1 it is seen that about seven centimetres 
‘if the thermocouple wires lie on each arm of the platform—that is, in the same hori- 
‘a plane where the temperature is uniform over a considerable area, so that 
here would be little tendency for loss of heat by this means. Besides, no explana- 
jion of the effects of conduction would account for the peculiar bend of the curves 
of temperature distribution in Graph 1, or the bends in the temperature difference 
jurves of Graph 1a. 

_ The next question to decide was whether these differences were due, in some ways 
jo the order in which the couples were placed on the platform. At different times 
jowing to breakages) the couples were fixed in different order, but similar result, 
ice always obtained. 

It is to be noted, too, that the differences recorded do not follow the natural 
variations in e.m.f. of the couples, which, as pointed out on page 49, take place at 
any constant temperature. 

| Any errors arising from movements of the platform by sagging due to time 
are ruled out by the fact that identical results were obtained with any particular 
sas after the apparatus had been used for several weeks as were obtained the first 
time the apparatus. was used. Furthermore, readings taken with two very thin 
souples showed that the platform remained not only rigid, but also truly horizontal. 
Additional proof that the temperature differences recorded by the couples is an effect 
not to be attributed to conduction along the wires, nor to warping of the platform, 
is shown by the fact that different gases give different results. 

Graph 2 was obtained for the very thin couple when hydrogen from a gas cylinder 
replaced the air in the chamber, the temperatures of the hot and cold plates being 
155-2°C. and 29-2°C, respectively. From this graph it is seen that there is scarcely 
any ‘“‘dip”’ in the curve in front of the hot plate. The differences between the 
couples were so small that they cannot be represented conveniently on Graph 2, 
and are given on Graph 24, which shows that the four couples in hydrogen record 
-eadings which do not vary by more than about -L1°C. 

Graph 8 obtained with air, may be compared with Graph 2a for hydrogen. 
[he differences in temperature between the plates in the two experiments were not 
he same, being 140-3° and 126-0°C. respectively, but this would not account for the 
triking differences in the results obtained with the two gases. 

A series of readings was then taken with air at atmospheric pressure, the object 
yeing to see how the temperature differences between the couples varied with the 
emperature gradient in the gas, and by extrapolation, what would be the tem- 
yerature recorded by a couple of zero diameter. The results obtained are shown in 
xraphs 1A, 3, 4, 5, 6, the differe ices in temperature between the hot and cold plates 
eing respectively 200-4°, 140 3°, 166-7°, 99-6° and 62-7°C. A series of straight lines 
f different slopes was obtained. It will be seen that the measurement of the dis- 
E2 
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tances of the central axes of the couples relative to a horizontal plane, say, of th 
platform, must be measured very accurately. Any error in this measurement for 
couple would displace one of the straight lines of the above graphs inthe to itse | 
Hence, since there may be a slight uncertainty as to the exact point where th 
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lines cross, it is preferable to take the ¢otal temperature differences for the couples 
considered at two points P and Q on the straight lines 3-75 mm. from the plates. 
Graph 7 shows the method of extrapolating to zero diameter. The diameters 
of the couples are marked as abscissz, the measured thicknesses of a, B, y and 6 being 
shown by the points W, X, Y and Z. Ordinates below these points in 0—0 denote 
the ¢otal differences in degrees between the very thin couple (a) and each of the 
couples 8, y and 6 at the points P and Q. A series of curves was obtained passing 
through four points for each gradient, and by producing them through the point W 
the positions could be found where they meet the axis for zero thickness. 
taph 8 was obtained from Graph 7, the temperature differences between the 
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rt and cold plates being shown as abscissz, whilst the ordinates are the total varia- 
jons in degrees between the infinitely thin and the several couples, between the 
joints P and Q. It is seen from Graph 8, that, when the plates differ by 200°C. 
ne total difference between the couple of zero diameter and the (a) couple between 
inese points is 4:8°, for the (8) couple 12-5°, for the (y) 18-7°, and for the (6) 20-4°C. 
l1so the four curves obtained show that these differences are almost linear functions 
if the temperature differences between the hot and cold plates. Further, it is to be 
hoted that with the a, 6 and y couples, that is, up to a diameter of about 0-020 cm., 
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the difference varies fairly uniformly with the diameter, but afterwards increases 
very slowly with increase of thickness, for at 200°C. where the difference for the 
y couple (diameter 0-0195 cm.) is 18-7°, for the 6 couple (diameter 0-0315 cm.) it is 
only 20-4°C. - 

Ifit be assumed that the couple of zero thickness indicates the correct temperature, 
it is interesting at this point to refer again to Graph 1 to see the effect of applying 
the necessary correction. It has been pointed out already that the total correction 
to be applied to the very thin couple between the points P and Q would be 4:8°, 
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but at P a correction of about 7° and at Q about 14°, that is, a ee Ce) 
21°C., would be required in order to obtain the uniform temperature dis * 7 
represented by the straight line. It follows, therefore, that with air at atmosp \ 
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pressure, if the infinitely thin thermocou 
considerable temperature “ fall ” in front 
cold plate. This was found to 


ple records the true temperature there is a 
of the hot plate, anda “rise in front of the 
be the case with air and carbon dioxide for all tem-' _ 
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erature differences of the plates, and as will be shown later the gradient across the 
nain portion of the gas for carbon dioxide was less than for air. 

. Bright Nickel Surfaces.—Experiments were next carried out with highly polished 
lickel surfaces on the horizontal plates. The couples were re-calibrated and in 
-assembling the apparatus the very thin couple was broken. It was very fragile, 
Hue to its extreme thinness, and became considerably more so on prolonged heating. 
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- Another similar couple was fixed on the platform and calibrated, the order of the 
couples now being Opie A new calibrated couple had also to be fixed on the 
hot plate. ah 

Cee 9 ard 10 were obtained using the new (a) couple in air and carbon 
dioxide respectively, the temperatures of the plates being almost the same, ViZ., 
908-6° and 16-1° and 211-1° and 15:8°C. in the two experiments. A comparison of 
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the two shows one feature of importance in that the temperature slope in carbon 
dioxide is less than in air under similar conditions and that the temperature of the 
carbon dioxide is lower near the hot plate and higher nearer the cold plate than 
in the case of air. This point is also made very clear by Graph 11, giving two other 
sets of readings for-the (a) couple in air and carbon dioxide for temperatures of 
201-5° and 16-2° for air, and 201:2° and 16-6°C. for carbon dioxide. 

Graphs 94 and 10a are graphs of differences relating to the curves of Graphs 9 
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-ecorded temperature is 14°C. above the line of uniform temperature distribution, 
whilst in carbon dioxide it is 20°C. Thus if allowance were made for the infinitely 
thin couple the gradient would still be less steep in carbon dioxide than in air. 
Lamp-Black Surfaces.—The horizontal plates were next covered with lamp-black 
and experiments carried out as before. It was thought that if these difference effects 
were due to radiation there should be a considerable change in the temperature 
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distribution on comparing curves with the highly polished nickel surfaces and with 
the dull black surfaces. . 
Graph 12 gives the results with air for bright nickel surfaces and Graph 13 with 
black surfaces, the plates being about the same temperatures in the two experiments. 
Graphs 12a and 13a show the corresponding differences. The curve of temperature 
distribution crosses the straight line of uniform gradient nearer the hot plate with 
the black surfaces, whilst in the colder portion of the chamber the temperature, 
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at say Q, with the black surfaces is considerably higher than with the bright 
surfaces. | 
Using the black surfaces, Graphs 14 and 14a refer to experiments with hydrogen — 
between temperatures of 206-4° and 23-5°C. and Graphs 15 and 15a to experiments — 
with carbon dioxide between temperatures of 205-5° and 20-7°C. It is seen that the © 
differences with carbon dioxide are about four times greater than with hydrogen. 
On comparing 13 and 15 where experiments are carried out in air and carbon 
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erect ee surfaces, it will be seen that the temperature distribution curve 
seen to be ta e BS measured with the (in) couple is less steep than in air as was 
rane tie: with nickel surfaces (Graphs 9 and 10), whilst a comparison of 

shows that for the black surfaces the slope of differences js slightly 


greater in carbon dioxide than in aj i 
seen he | an in air as was pointed out for nickel surfaces (Graphs. 
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DISCUSSION OF RESULTS. 


It remains to consider the process by means of which the couples take up their 
“temperatures and to find some explanation of the influence of the diameter of the 
| wires. The factors that must be taken into account are probably limited to :— 

(1) The interchange of energy between the gas molecules and the couples, 

(2) the radiation received and emitted by the couples, 

(3) the residual gas layers condensed on the couples, 

(4) the conduction of heat along the wires from the actual junctions, 
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With regard to No. (4) it has been already shown that precautions were taken 
in designing the horizontal platform so as to eliminate this effect as far as possible 
by having considerable lengths of the wires in an isothermal layer, and it is probable 
that any effect due to conduction is practically negligible. 
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The subject of adsorbed gas layers is one of extreme difficulty, and there is 
considerable difference of opinion regarding two rival theories, one, that the layer 
may be several molecules thick, and the other, that it is monomolecular, Experi- 
ments have been carried out for instance, showing that charcoal can adsorb many 
times its own volume of gases at ordinary temperatures and pressures. Other 
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range of molecular forces may extend to a distance equal to a considerable number 
of molecular diameters. 

On the other hand, a large amount of work has been carried out by many 
workers and especially Langmuir, which gives very strong support to the theory 
of an adsorbed layer one molecule thick. They also point out that the large amount 
of gas adsorbed by charcoal depends upon a capillary condensation theory, due to 
the known fact that the vapour pressure of a liquid inside a fine capillary, the walls 
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of which are wet by the liquid, decreases greatly with the decrease in diameter of 
the capillary. With regard to the adsorbed film on glass fibres, they point out that 
if the gases be very carefully dried, the adsorbed film 1s only monomolecular and sug- 
gest that all the gases used like ammonia and carbon dioxide, being very soluble, are 
merely dissolved in a film of water on the glass. It must be admitted that most 
of the evidence seems to be in favour of the single layer. If, however, there be 
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comparatively thick layers it seems probable that the thickness of the layer would 
depend "upon the diameter of the wires, and it would then be possible to suggest 


an explanation of the results by giving special physical properties to the layer—a ~ 


variation in thermal conductivity for instance—different from those of the gas. 


The thickness of the layer required, however, would be considerably greater than — 


several molecules, so that it would seem to be futile to suggest any explanation based 
on such a supposition which is not supported by experimental evidence. 
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With regard to No. (2), radiation seems 
ments described in this Paper, 
comparison of Graphs 12 and 13 
gas, air, but with surfaces of hi 
It follows that the quantities 
must be quite different. 


to play an important part in the experi- 
Perhaps the best evidence is obtained from a 
. where experiments are carried out with the same 
ghly-polished nickel and of lamp-black respectively, 
: S of radiation from the two surfaces in the two cases 
is seen that in the experiment with the black surfaces 
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ithe recorded temperature distribution curve crosses the straight line of uniform 
jtemperature distribution nearer the hot plate than in the case of the experiment 
Leith the nickel surfaces, whilst nearer the cold plate, as has been already pointed 
out, the temperature distribution curve is about 6°C. higher with the black surfaces 
than with the nickel surfaces. 

The amounts of radiation received and emitted by a couple for different positions 
in the chamber cannot be determined accurately. Stefan’s formula is not applicable, 
especially with the polished nickel or brass surfaces. Still, it is instructive to make 
| a rough calculation of these amounts of radiation by supposing that the fourth power 
law can be used. Consider the case with the lamp-black surfaces, the couples also 
| having practically similar surfaces. Let Fig. 2 represent a central section of the 
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experimental chamber. Suppose as in some of the experiments described in this 
Paper the absolute temperature of the hot plate is 470, and for convenience of calcu- 
lation let the temperature of the cold plate be 270. Divide the distance between the 
two plates into five equal parts, and let them be represented by the four points A, 
B, C, D. Then, if the points be on the straight line of uniform temperature dis- 
tribution, their absolute temperatures would be 430, 390, 350 and 310 respectively. 
Then, applying Stefan’s Law, it can be shown that the ratio of the amount received 
to the amount emitted in the four cases is 1: 1-26, 1: 0-85, 1:0-55 and 1: 0-37. 
Even allowing that the assumptions made in the calculation may result in a con- 
siderable error, it is seen that near the hot plate a couple receives less radiation than 
it emits, while at the points B, C, D it receives a gradually increasing excess of radia- 
tion on approaching the cold plate. 

On referring to all the graphs of differences we see a maximum effect a few 
millimetres from the hot plate. On proceeding towards the cold plate, a point is 
reached where the lines intersect, suggesting that here the amounts of radiation 
received and emitted are the same, whilst still nearer the cold plate an excess of 
radiation is received, and the recorded differences of temperature gradually increase 
towards the plate The same applies to Graphs 1, 9, 10, 12, 13, 15, all of which show 
a ‘‘dip”’ near the hot plate, and the gradual slope upwards above the straight line 
on going towards the cold plate. 

With the same assumptions as before, a rough calculation can be made of the 
distance from the hot plate where the amounts received and emitted by a couple 
are the same. Taking the figures of the last calculation, the point would be at a 
distance of rather more than one-fourth of the distance between the plates from the 
hot plate, and Graph 13 shows that the curve of temperature distribution crosses 
the straight line at about this distance. The best test, however, is to calculate the 
position of this point for different temtperature gradients between the plates, and 
it is found that the point approaches the cold plate very slowly at first with decrease 
of temperature gradient, but much more rapidly when the gradients are small. 
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An examination of a’large number of temperature distribution curves for different 
gradients fully confirmed this view. er 

‘Thus it is evident that radiation plays an important part in determining th 
temperatures recorded by the couples, but that it is not the sole cause of the tem- 
perature differences is shown by employing different gases in carrying out experiments 
under exactly identical conditions. Graphs 14 and 15, where the gases hydrogen 
and carbon dioxide respectively are used, show entirely different results, although 
the amounts of radiation must be the same in the two cases. The graphs of differences 
(14a and 15a) for the same experiments show that the temperature differences are 
about four times as great in carbon dioxide as in hydrogen, It is evident, therefore, 
that the nature of the gas is of considerable importance, and it is advisable at this 
point to consider briefly some of the theories relating to molecular impact and the 
interchange of energy between gas molecules and a solid with which they collide,” 
Nearly all these theories have been suggested to account for the fact that certain | 
experiments on the conduction of heat indicate that there is a poor interchange of 
energy when molecules collide with walls which are at a higher or lower temperature, 
One theory claims that molecules of all kinds show little or no tendency to be regu- 
larly reflected from a solid surface ; that, instead, they condense and re-evaporate 
in a direction independent of the direction of incidence. On decreasing the tem- 
perature, the mean kinetic energy of the molecules becomes less and they evaporate 
less readily owing to the restraint imposed upon them by the force of molecular 
attraction. So long, however, as the rate of evaporation is greater than the rate of 
condensation the molecules of the first layer do not remain long enough to become 
covered by the others. 

Another theory partly supports this view, but claims that a fraction of the 
molecules condense and re-evaporate, but the remainder are regularly reflected. 
Oné theory which:has been suggested takes into account the attractive and repulsive 
forces existing between the molecules of the solid and the gas. A gas molecule 
approaching a hot plate may strike a plate molecule and be sent back into the gas 
with an energy greater than its previous energy, but less than the energy equivalent 
to the temperature of the plate, whilst other molecules, colliding several times with 
the surface before being able to escape, take up a larger store of energy, part of 
which is lost, however, when the molecules do work in escaping against attractive 
forces existing at the surface of the plate. 

Experiments illustrating this imperfect interchange of energy have been carried 
out by Knudsen,* and by an entirely different method by Soddy and Berry.t The 
latter, in an experiment on thermal conductivity with gases at low pressures, found 
the loss in watts from a heated platinum strip of known area, which was at a tem- 
perature of about 40°C. higher than a cylindrical enclosure kept at constant tem- 
perature, From the dimensions of the apparatus, the experimental value of the 
thermal conductivity could be determined. The theoretical value could also be found 
ee ee "ba of impacts and the amount of heat required to raise one molecule 
a : ae arb: perfect interchange of energy on impact. The ratio of 
ee, ee ae pane ai! to Smoluchowski’s “‘ Coefficient of Thermal 
RTE NE sae sing bright platinum surfaces, Soddy and Berry found that 

ydrogen were 0-15 at 100°C. and 0-25 at —185°C,; for helium the 


* Ann, der Phy., 34, 593 (1911). 
tT Proc. Roy. Soc., November (1910). 
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values were about twice as great, while larger values were found for carbon dioxide 
and nitrogen. It appears to be fairly well established, therefore, that the trans- 
ee of heat from a solid by molecular impact takes place comparatively slowly, 
nd varies with the gas. 

' There can be no doubt from the evidence produced so far that the temperature 
ilifferences are due to two main factors—radiation, and the nature of the gas. An 
explanation has already been given explaining the effects of radiation in different 
ia of the chamber, but it is now necessary to suggest why the four couples in the 
same horizontal plane record different temperatures, and, furthermore, why the 
thickest couple is lowest near the hot plate and highest near the cold plate. 

| Consider a couple at the point A in Fig. 2, where it radiates more energy than 
treceives asradiation. It would, therefore, be lower in temperature than if radiation 
were negligible. The gas molecules, however, near the point A would not be lowered 
Be eubly in temperature, since gases are practically transparent to radiation. 
Therefore the couple would be at a temperature lower than the surrounding gas, 
so that energy would be transferred by impact in an endeavour to equalise the 
temperatures. 

Consider now the relative effects of the two factors. The nett loss of energy 
by radiation for each couple would differ in amount proportional to its radiating 
surface. Let the amount be represented by K7, where 7 is the radius. They would 
gain energy by molecular impact, again proportional to their surfaces and equal to 
K’'r, K’ being a constant for the given plane considered, since the condensation and 
evaporation takes place at the same rate for the same temperature, but would vary 
in different planes. There would, therefore, be a nett loss of energy for each couple 
proportional to (K—K’)v—that is, the thicker the couple at the point considered 
the lower would be its temperature. In the same way at, say, the point D, near the 
cold plate, the couples receive an excess of radiation (K”7), and would be higher in 
temperature than the surrounding gas. They would therefore lose energy by molecular 
impact (K"’r). The gain still being (K”—K” ’)r for each couple, the thickest couple 
would now give the highest temperature, a result which agrees with experiment. 

Further support is given to this view by Graph 8, which shows that for the 
three thinnest couples their differences in temperature from the infinitely thin couple 
vary almost as the radii of the wires. 

Since experimental evidence has shown that different gases have different 
“ Accommodation Coefficients,’ we may look to this fact for an explanation of the 
difference in the results obtained with different gases. 

The experimental results and deductions of this Paper seem to have a wice 
application to measurements of temperature in industry. They suggest that in the 
measurement of temperature, thermocouples, mercury-ifi-glass thermometers, 
and resistance thermometers cannot be relied upon as instruments of precision 
unless they are used under conditions which are identical with the black-body 
enclosure. 

In conclusion, the author wishes to express his thanks to Prof. Gwilym Owen 
for his kind interest and encouragement. 


NotE ADDED OCTOBER 31, 1925. 
On continuing the experiments in air at low pressures a new set of couples was 
used, but results are given for the new a couple only. Graph 16 shows the results 
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! 
obtained at various pressures, the temperatures of the hot and cold plates being 
kept constant. These results give strong confirmatory evidence for the correctness 
pf the explanation given for gases at atmospheric pressure. All the graphs pass 
ithrough a point where the amounts of radiation received and emitted by the couple 
ne equal. It has been shown that between this point and the hot plate there is a 


ett loss of energy due to radiation alone, whilst between the point and the cold plate 
ithere is a nett gain. 
| It follows immediately that the lower the pressure the less will be the energy 
jtransferred by molecular impact, so that in front of the hot plate the couple falls 
jm temperature until a state of equilibrium is reached which will depend upon the 
jpressure. It follows also that these two surface effects will depend upon the thickness 
lof the couple, so that by using a single couple we immediately deduce that thicker 
(couples must read lower temperatures near the hot plate and higher temperatures 
jnear the cold plate, and that these readings would vary with the nature of the gas. 
: An interesting point regarding the energy transferred by molecular impact is 
(shown on taking two fixed points A and B in the gas, and finding the temperature 
jdifference between them at different pressures. 
At atmospheric pressure this is 57-0°C., and for the several pressures 50-6, 44:8, 
136-6, 29-5, 22-7, 13-7, and 6-3°. These temperature differences are plotted against 
ithe pressures in Graph 17. 
It is seen that the temperature difference between the points falls slowly and 
ifairly uniformly from atmospheric pressure to a pressure represented by the point C, 
(where the mean free path is about 0-3 mm. At lower pressures the rate of fall is 
much greater, and at the point D the mean free path is approximately equal to the 
A ance between the plates when the curve becomes considerably steeper. 
L This can be explained as follows: When energy is transferred by molecular 
impact the colliding molecule immediately receives energy from the gas molecules 
in the vicinity—that is, the conductivity of the gas comes into play. On reducing 
tthe pressure until the mean free path of the molecules is of the same order as the 
dimensions of the chamber, conduction ceases, and we have then simply a molecular 
flow between the plates, the molecules receiving energy directly from the walls, 
.and this state would be represented by the steep portion of the curve at the point D. 
| On still further reducing the pressure, the fall in temperature would vary directly 
/as the number of molecules, so that we would expect the portion of the curve DE 
‘to be a straight line, as indicated in the graph. 


DISCUSSION. 


Mr. R. S. WHIPPLE said that as the readings of the thermocouples were so much affected by 
‘the nature of the gas in which they lay and so little by the change of surface from black to bright 
she could not help feeling that the author had under-rated the effect of gaseous conduction as 
‘compared with radiation. Would it not be well to construct the thermocouple leads of horizontal 
istretched wires so that they might be made to coincide with isothermal layers of gas ? 
Mr. C. R. DarLInc congratulated the author on the very large number of observations 
he had taken, but said that in spite of this he felt that the conclusions which had been reached 
‘needed confitmation: convection must surely play a considerable part in such phenomena. 
‘The Paper constituted a warning, however, against the incautious use of thermocouples. The 
method of interpolating to zero attributed to Kreisinger and Barkley was, he believed, first put 
forward by Smithells in connexion with his work on gas films. ; ; 
Dr. J.S.G. Tuomas said that the large amount of patient work described in the Paper is 
of great interest to industries in which thermocouples are much employed. If he could fully 
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accept the author’s low estimate of the teliability of thermocouples he should feel considerabl 
uneasiness, but he was inclined to think that the effect of convection had been under-estimated 
convection currents are excessively difficult to eliminate, as was found in such work as that o 
Boys on the gravitation constant, and in industrial measurements large allowances have to be 
made for them. ‘The author’s results suggest that in some cases there may be errors amount- 
ing to 50 per cent. of the actual temperature, but there is no reason to believe that in industry 
such errors as that occur, in view of the precautions taken. An excellent study of the effect 
of conduction has been given by Daynes in the account of his katharometer, and he believe 
this might throw light on the results obtained by the author. As regards the method of inter- 
polation mentioned by Mr. Darling, he rather thought that Nichols and Hull were before 
Smithells in that matter. 

Dr. GEOFFREY Martin said that though not himself a physicist he had to use thermo- 
couples in attempting to balance the input and output of heat in a cement-making process, 
and he would be very glad of advice as to the cause of gross errors which he had encountered. 

Mr. Guirp pointed out that the readings of the thermocouples depended on the propertie 
of two metals. The problem might be simplified by using a single metal in the form of au 
resistance thermometer, ; 

Mr. J. H. BRINKWoRTH said that even if a platinum resistance thermometer were used, the 
readings would depend on the nature of the gas. He felt a personal interest in the subject of 
the Paper because it had a bearing on some measurements of the ratio of the specific heats of 
hydrogen made by Mr. Partington and by himself, the former’s values being higher than his. 
own. In these experiments the temperature was measured with a platinum resistance ther- 
mometer and a correction had to be made for the conductive effect of the gas on the platinum, 
this effect having been standardized by measurements made in air. In fact, however, the 
correction applicable in hydrogen would be smaller than that applicable in air, and taking the 
author’s figures it appeared that Mr. Partington’s results should accordingly be reduced by — 
approximately the amount which would make them agree with his own. 

Mr. R. S. TRoop (communicated) : The author of this Paper is to be congratulated on some 
vety useful, interesting and well-planned experiments dealing with a subject whose application 
in industry is rapidly growing. There are many occurrences in industry of ‘‘ unequally heated 
enclosures ”’ where accurate temperature measurements are required, and the Paper indicates: 
some precautions necessary to attain this accuracy when thermocouples are used, and the” 
difficulty of obtaining ‘‘ instruments of precision’ under these conditions. The results also- 
show that due care must be taken in making deductions from thermocouple readings and allow— 
ances made for the effects recorded in the Paper before too great stress is laid on small peculiarities: 
in temperature readings. The work on the effect of atmosphere on temperature readings will 
have particular interest for those dealing with kilns, ovens, flues, ete. It is good to note that 
Mr. Mandell promises us further work on the subject. ‘The question of the effect of the materials. 
of the thermocouple is not dealt with in the Paper, and I should like to ask whether this has been _ 
considered by the author. At higher temperatures this may be important, in view of Sir G. 
Beilby s wotk on the effect of atmosphere on the recrystallisation of metals, their surface adsorp- 
tion, etc. One would like to know also how atmospheric differences would affect the e.mf.s. 
of platinum-platinum-rhodium and of nickel-chrome couples which are of considerable industrial. 
importance, 
avon ae Sal aaron See to the references in the discussion that the: 
Apher of . oo iy e, F is necessary to point out that we have, in effect, 
appl a eemietdene ay “ oe by a large, hot upper plate and a lower cold one some 
te epoca ‘igane conte ee meaner be little tendency for the circulation of con-- 

eS cee A Celia oe 7 a hag how a more ideal arrangement could be designed. 
resent : oe p contain suggestions which would undoubtedly be: 

value in the event of further work being done on the subject. 

Three references are made in the discussion to the effect of the conductivity of the gas. A 
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VII.—PHOTO-ELECTRIC RADIATION PYROMETER. 


By Prof. F. A. LINDEMANN, F.R.S., and T. C. KEELey. 


Read at Oxford, July 4, 1925. 


ABSTRACT. 


By means of two photo-electric cells with suitable coloured filters the energy radiated in 
|ltwo distinct spectral bands is compared. {By combining the ascertained sensitivities of the two 
ycells and their filters with the radiation law the black-body temperature of the radiator can be 
determined. 


‘GOME years ago one of the authors suggested that by measuring the photo- 
electric currents produced by the same source of light on two metals sensitive 
to different parts of the spectrum it should be possible to obtain an estimate of the 
‘temperature of the source of light.* Although the original suggestion was directed 
{ particularly to the determination of stellar temperatures, the method is obviously 
| suitable for terrestrial sources. It may be of interest to give a preliminary account 
| of the instrument designed for this purpose, more especially since a pyrometer based 
| on the same principle made in the General Electric Company’s laboratories has 
recently been described.+ 

| The construction is shown in Fig. 1. By means of the lens A the light from 
the source is focused on the fixed diaphragm D, so that the light enters the apparatus 
always in the same direction. The lens B renders the light parallel, and it is then 
partly transmitted, partly reflected, by the half platinised mirror M@. The two 
beams are focused bythe lenses C and D on to the optical wedges Wp and Wx, and 
after passing through two coloured filters Fp and Fx, they enter the photo-electric 
cells R and K, which contain rubidium and potassium respectively. The cells are 
connected in opposition to the needle of the electrometer, so that when the current 
is the same in each the electrometer shows no deflection. The electrometer needle 
is connected to earth through a high resistance leak (of the order of 101° ohms). 

A source of known temperature is used to fix the scale. The wedge Wx is set 
at some convenient reading, say d), and the coarser wedge WR is adjusted until the 
electrometer shows no deflection. Final adjustment is rendered more accurate by 
means of the shutter S, which is opened and closed by hand; the electrometer 
should show no flicker as the cells pass from the illuminated to the dark condition. 
This adjustment made, the wedge Wg is fixed permanently in position. 

When the instrument is focused on the source whose temperature it is desired 
to measure, the wedge Wx is moved until the electrometer shows no deflection—i.e., 

- until the current from the two cells is equal. Suppose its reading is d,, and that the 
source is at a higher temperature than the standard, so that d, is greater than do. 
Then the ratio in which the light entering the potassium cell must be reduced so that 
its current balances that from the rubidium cell, is k log (d,—d,), where k is the 

‘wedge constant.” As will be seen, this is a measure of the temperature of the 

source. 


OO 


* Monthly Notices, R.A.S., March (1919); 
¢ Journ. Sci. Inst., Vol. 11, No. 6, p. 177, March (1925). 
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Suppose the currents produced by unit light energy on the potassium and 
rubidium cell respectively are given by fx(@) . 64 and f(A) . 64, and that the ratio 
transmitted by the two filters are @x(A) . 64 and 9p(A) . 64. Then, for a black body 
source at a temperature 7, the currents produced by the two cells will be respectively 


given by 
ix=es] fic(@) ox(A) .e-h0/28. di 
ig=Ce | fr(d)on(A) .e0/A5. dd 


where c, and c, are constants depending on the apparatus. 
Integration extends over the wavelength range to which the combined cell 


sss Fr 


C 


Bib. 3. 


as filter system is sensitive, Wien’s radiation law being used, since for the wave- 
os yi setae this differs from Planck’s by not more than } per cent. even at 
VU. AS the cell and corresponding filter are always used togethe 
r, we can 
write f(A) . @(4) as F(A), and we have : ; : 


ix=eaf Fg(A)e7hto/ 45. da | 


in=e,| Fp(A)e-o/ a. dd 
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Suppose now that the pyrometer is focussed on a source of temperature T,. The 
lurrents produced will be 


nels { Fx(AeoTs/A5. dd 


ie : Ran . . . . . . . . (2) 
i/pR=C, | FR(Ae*i/A*. dd 


lf the currents in (1) are made to balance by adjustment of the wedge Wp, then 


750 


Potassium Cell. 
(Potential across Cell -160 volts) 


~ 


Amperes (x 108) 


500 750 1250 
Metre Candles 


| Fic. 2. 


the currents in (2) will not balance. The distance the wedge Wx must be moved to 
\bring about a balance will be given by 


k log (4;—do) = (t’5/’p)/(tx/t) 


' 3500 4000 4500 5200 5500 
Fic. 3. 
We have assumed in deducing the above result that the photo-electric current 


is proportional to the intensity of the light falling on the cell. This was verified for 
the type of cell used, as is shown in Fig. 2. 
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The form of the functions F(A) and F(A) may be found by illuminating the 
aperture of the pyrometer with monochromatic light from a constant deviation 
spectrometer, and measuring the currents from each cell separately. The source 
of light was a carbon filament lamp, the temperature of the filament being measured 
by means of an optical pyrometer. The two curves giving the sensitivities per unit 
energy received are shown in Fig. 3. 


“ 


4000°K 


2000°K. 


Fic. 4, 


The filters used were chosen so as to accentuate the sharpness of the maxima due 
to the selective photo-electric effect. By combining these curves with the radiation 
_ curves at various temperatures from 1,800°K to 5,000°K, measuring the areas and 

finding their ratios, the readings of wedge Wx are calculated in terms of the tempera- 


D 


Qa 


A 


Wedge Reading 


000 3000 4000 5000 
Absolute Temperature 


PIG Toe 


ure. Fig. 4 shows the respective values of the currents produced in th 
2,000° and 4,000°, the scale of the diagrams being, of en very ane an 
; Fig. 5, giving the calculated curve, shows the temperature corresponding to any 
given reading of the wedge used. The wedge constant was found photoelectrically 
and agreed with that given by Messrs. Ilford to less than 1 per cent., and was constant 
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pver the whole wedge, the result, of course, confirming the proportionality of light 
nd photoelectric effect. 

| It will be seen from the last curve that at 2,000° a change of wedge reading of 
cm. corresponds to about 160° ; at 3,000°, to 300° ; at 4,000°, to 700°. By reading 
‘0 1/10 mm. (and this setting can be repeated without any difficulty), the temperature 
at 2,000°, 3,000° and 4,000° can be found to an accuracy of 1-6°, 3° and 7° respectively. 
|By the use of a finer wedge, temperatures over a more confined range could be 
measured even more accurately. 


DISCUSSION. 


Dr. C, CHREE: There seems a promising field for an instrument capable of even moderate 
ecrecy at the high temperatures mentioned. The accuracy would presumably depend on the 
/precision with which it measured known temperatures below 2,000°C., such as the melting point 
pf platinum. It is a subject on which we look for enlightenment to the National Physical 
|Laboratory. 
Mr. F. E. Smita: The author has shown the need for someone—preferably the Heat Depart- 
jment of the National Physical Laboratory—to discover a simple means of accurately reproducing 
la high temperature, such as the melting point of platinum, for standardisation purposes. 
Mr. J. Guinp: I am particularly interested in the measurement of high temperatures. The 
i hoto-electric method is one of great promise in view of the high sensitivity. There are, however, 
ja number of difficulties involved in the use of a method depending on the relative indications of 
two separate cells. Some of these were referred to in a Paper by N. R. Campbell and H. W. B. 
Gardiner, published in the Journal of Scentific Instruments for March, 1925, which contains an 
ccount of preliminary work on similar lines. I should be interested to hear if Prof. Lindemann 
has experienced any trouble due to inconstancy of the cells, variations in the ‘‘ dark current,”’ 
etc. My own feeling about photo-electric cells is that these are not yet instruments of such 
constancy of behaviour that we can safely determine characteristic curves, and regard these 
‘subsequently as instrumental constants in work of high precision. I should on this account 
prefer a null method in which one cell onlyis used. If filters be introduced to give the 
idifference in wavelength sensitivity, there seems little point left in employing two cells. 
\It is important to remember that measurements of this general type determine what is 
‘known as “‘ colour temperature,” as distinct from “‘ brightness temperature,’’ which is measured 
by optical pyrometers on a photometric basis. ‘these temperatures differ from one another 
and from true temperature on the work scale, except in the case of radiators, which give full 
“Dlack body ” radiation. In the general case the scales are not directly comparable with one 
another without a complete knowledge of the emissive properties of the surface of the radiating 
material. 
Dr. G. W. C. KAvE (communicated) : The several advantages, and not the least the relative 
simplicity of the photo-electric type of radiation pyrometer, which Prof. Lindemann describes, 
should lead to its extended use, at any rate for research purposes. The instrument will be a 
welcome addition to the other types of pyrometers in existence for exploring the region of really 
high temperatures. Prof. Lindemann’s desire for a ‘‘ jumping-off ’’ temperature standard at 
about 2,000°C., which can be easily reproduced, is one that the N.P.L, will naturally bear in mind. 
AuTHORS’ reply (communicated): We have always found our cells reliable and constant, 
and no difficulty has been experienced either with dark current or with a variation of sensitivity 
provided a luminous discharge is avoided. Of course, if we adjust the scale Wy to give true 
readings of the temperature for a black body, we measure only the colour temperature for a 
coloured body. If, however, we adjust the wedge Wr so that at some known temperature for 
a given coloured body, the wedge W, reads this temperature, it will continue to indicate the true 
temperature for that body (with the same scale used for the black body), provided that the 
tegions of the spectrum used are sufficiently narrow. 
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VIII.—MEASUREMENT OF THE AMOUNT OF OZONE IN THE EARTH'S” 
ATMOSPHERE. 


By G. M. B. Dosson, D.Sc., and D.N. HARRISON, B.A. 


Read at Oxford, July 4, 1925. 


ABSTRACT. 


The quantity of ozone present in the atmosphere has been measured by spectroscopic means. 
on about a hundred days. A marked connexion with the pressure distribution at the surface, 
and particularly with the conditions at about 10 km., has been found. 


OZONE has two strong absorption bands, one in the ultra-violet and one in the 

infra-red. It therefore absorbs some of the sun’s radiation in addition to the — 
earth’s radiation. The ultra-violet absorption does not give appreciably increased — 
radiative power, because the ultra-violet radiation of a black body at the temperature 
of the atmosphere is negligibly small. The equilibrium temperature of ozone is there- 
fore higher than that of water-vapour or CO,, which only absorb in the infra-red. It 
thus seems likely that variations in the amount of ozone might affect the temperature 
of the atmosphere in its neighbourhood—i.e., at great heights—and consequently 
the pressure at the earth’s surface. It has been shown that there is no appreciable — 
quantity of ozone near the surface, and all that there is, is probably above the — 
troposphere. 

The method used for measuring the ozone is a modification of that due to 
Fabry and Buisson. The ultra-violet absorption band of ozone begins at about — 
3,300 A., and rapidly becomes stronger for shorter wavelengths, cutting off the 
sun’s spectrum completely at about 2,850 A. This region of the spectrum is photo- 
graphed, and the intensities of a number of the Fraunhofer transmission lines are 
measured. Thus the difference in the absorption of any two wavelengths by the 
atmosphere is deduced. Before we can obtain the absorption coefficients we have to- 
know the intensities of different wavelengths outside the atmosphere—i.e., before 
absorption ; these are found by plotting the intensities as measured on the earth at 
different times of day against the distance through the atmosphere travelled by the 
rays, and extrapolating the curves to the point corresponding to zero distance. 
The difference of absorption of any two wavelengths is due partly to the different 
amount of scattering by air molecules and partly to the different absorption by 
ozone ; the former effect can be allowed for, and hence the amount of ozone necessary 
to produce the remaining difference of absorption can be calculated. This may be 
expressed as the thickness which the ozone actually present would have if reduced 
to a layer of pure ozone at N.T.P., and the average value is about 3 mms. 
ee ees oe Féry spectograph, which has a special filter of 
ier ane Satis nee ) a slit to cut off all wavelengths longer than 
& Ri erp = ; ae oe too much scattered light in the instrument. 
Beane = sere ee imme citi: before the plate. Fig. 1 shows two photo- 
little ozone, and the other ea: A ae seo SE ee 

, a day when there was a comparatively large amount. 


A 
28 Feb. 1925 
Time 12 kh. ldrv. GMT. 


B 
7 Mar: 1925 
Time 13h 18m. CMT 
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ihe heights of the lines are a measure of the intensities. It will be seen that the long 
javelengths are about equal in the two cases, since there is practically no absorption 
jy ozone. At the short wavelength end one photograph is much weaker than the 
her, owing to the absorption by the larger amount of ozone. 

| Fig. 2 shows the results of measurements, using the lines 3,232A. and 3,052A. 
‘he upper curve shows the amounts of ozone, in arbitrary units, on each day when 
jpservations were possible. The lower curve represents the daily values of the baro- 
jetric pressure at Oxford (plotted inversely), andit is obvious that there is a correla- 
jon. The series of horizontal lines above refer to weather conditions ; the upper ones 
now the occurrence of cyclones ; and the lower, anti-cyclones. Dots mean that the 
jonditions were not well marked. It will be seen that the amount of ozone tends 
i» be low during an anti-cyclone and high during a cyclone, and that the maximum 
Jad minimum differ by about 50. per cent. 

|, Other curves have been obtained, using other pairs of wavelengths, and these 
gree entirely with the one shown. 

. The sign of the correlation is that which would be expected, as an increase in 
jane amount of ozone would tend to produce a higher temperature in the upper air, 


{Reproduced by kind permission of the Royal Meteorological Society.| 
Fic., 2. 


hus reducing the mass of air above the surface, and consequently the surface 
oressure. Ee 
It is further of great interest that the correlations with the pressure are 
huch closer at great heights than at the surface. A fuller account has been 
vublished in the Quarterly Journal of the Royal Meteorological Society. 


DISCUSSION. 


Dr. C. CHREE: The subject of the Paper is of much interest to meteorologists. One thing 
-e should like to know is the level where the ozone is found, whether at the top of the troposphere 
tat a higher level. It would be of much interest to have a comparison of corresponding daily 
alues of ozone and of the “ solar constant ’’ as measured by Dr. Abbot and his collaborators. 

Prof. W. F. G. Swann: I should like to inquire as to the altitude, or rather the pressure, 
f the regions of the atmosphere to which the Paper refers. I am interested in this because 
think there is some reason for supposing that the absorption of radiation by a gas at low pressure 
lay be smaller than might be supposed at first sight. Presumably the energy becomes a bsorbed 
1 the first instance in intermolecular transitions—the types of transitions associated with band 
pectra—and is only transferred to kinetic energy of translation at impact. The mean free time 
etween impacts is of the order 3 x L0-1° seconds at atmospheric pressure. If the pressure were 
sduced to one hundredth of an atmosphere the time would be of the order 3 x 10-8 seconds. I 
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is a matter of some interest to inquire whether a molecule could hold its energy for this leng 
of time without falling back to its normal state through radiation. If it could not, then, ag 
such pressures, many of the molecules would fail to convert the energy which they had absorb 
into translation of kinetic energy, and would re-radiate it, so that to this extent the heating of the 
cas would be reduced. ‘What the net result of this process would be is a matter for some 
speculation, but the problem of the effect of low pressures on heat absorption in gases 1s one no! 
without interest. I presume, however, that the pressures to which the Paper refers are much 
higher than those which would be concerned in the phenomenon I have discussed. 

~ Mr... RICHARDSON : This interesting application of laboratory method to the upper ai 
shows that the pressure is correlated with the ozone content—a valuable new fact. It is, how 
ever, difficult to accept the authors’ suggestion that the heating of the ozone may be the cause 
of the pressure change, for the ozone is not well placed for producing mechanical disturbance 
being too high up. In the domestic hot water system the boiler must be placed low down. 
Sandstrém has called attention to the importance for meteorology of the level of heating, and 
recently H. Jeffreys (in a Paper read at the Royal Meteorol. Soc., May, 1925) has adjusted 
“ Sandstrém’s Theorem ” in detail without, I think, diminishing its importance. So before 
accepting the authors’ suggestion, which is so different from the Bjerknes view of cyclones, one 
would like to see a numerical calculation of the dynamical effects of heating the ozone. A more 
likely explanation of the correlation between ozone and pressure is that large masses of air have 
moved to Oxford from various latitudes; that both pressure and ozone-content have values 
characteristic of the radiation (waves or particles) of the latitude in which the air has recently 
wandered ; and that during the journey to Oxford these characteristics, though changing, have 
not usually changed beyond recognition. This explanation is in accord with Goldie’s investiga- 
tion of temperatures and trajectories (A. H. R. Goldie, Quart. Journ. R. Meteor. Soc., January 
1923, p. 6). 

Prof, a FOWLER: I have been very much interested in this Paper. I recall that when 
Lord Rayleigh and I were investigating the absorption bands of atmospheric ozone in the spectra 
of the sun and stars some years ago, we were inclined to think that it might be possible to study 
the variations by comparing the intensities of the narrow absorption bands with those of adjacent 
groups of I‘raunhofer lines. Such an investigation, however, called for more continuous observa- 
tion than could be conveniently made in connection with college work, and we did not pursue the 
matter further. The method suggested by Dr. Dobson and Mr. Harrison seems to me very pro: 
mising, though it was somewhat difficult to recognise the range of wavelengths observed in a 
hasty glance at the negatives on the screen, and a good deal may depend upon the choice of 
wavelengths to be compared. I was surprised to find that such large variations had been noted 
in the ozone absorption. Tabry and Buisson estimated the total amount of ozone ordinarily 
present to be equivalent to about 3 mm. thickness at atmospheric pressure, and the variations 
indicated by their observations were comparatively small. One of the most interesting ques: 
tions connected with the atmospheric ozone is that of a possible variation with the ll-yearly 
period of the sun, depending upon a corresponding variation in the ultra-violet radiation. I 
the new observations are correct, it would seem that the direct effect of the solar variation i: 
likely to be submerged by the large variations from day to day arising from other causes. 1 
think that many besides myself will look forward to the opportunity of studying the details of 
the method and results when the Paper is printed, 
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(IX.—THE ABSORPTION COEFFICIENT FOR SLOW ELECTRONS IN 
MERCURY VAPOUR. 


By Rosert B. Brope, B.Sc., Ph.D., Rhodes Scholar, Oriel College, 
Oxford. 


Read at Oxford, July 4, 1925, 


ABSTRACT. 


i), The absorption coefficients of electrons having from 0-5 to 100 volts velocity were observed’ 
i the vapours of mercury, cadmium and zinc. Except for a small irregularity in cadmium, 
Ae absorption coefficient decreased uniformly with increasing velocity. 


MOLECULE has an effective area, due to its electric field, within which a passing 
electron will be deflected from its path. The total effective area of all the 
faolecules in a cubic centimetre of gas at a pressure of 1 mm. of Hg is known as the 
_bsorption coefficient. If a beam of electrons is sent through a path length x in a 
as at the pressure p, then 

| OI es 

ivhere I, is the number of electrons in the beam at the beginning of the path, I the 
number which passed through the gas without being deflected, and a the absorption 
soefficient. This absorption coefficient has been observed for most of the common 


L by Lenard and others.* 


APPARATUS. 
The apparatus (Fig. 1) used in this experiment consisted of a filament FP’, two. 


parallel discs D, andaring R. The electrons were accelerated from the filament 
fo the guard cylinders attached to the discs, and some of them continued on (to the 
ing) at uniform velocity, in the field-free space between the discs. The decrease 
n the number of electrons arriving at the ring when the mercury vapour was 1ntro- 
juced was due to the deflection of those electrons that passed within the effective: 
Jeflecting area of a molecule. 


#0. Lenard, Ann, der Phys., 12, 714 (1903). H.F. Mayer, Ann. der. Phys., 64, 451 (1921). 
*, Ramsauer, Ann, der Phys., 72, 345 (1923). R. B. Brode, Phys. Rev., 25, 636 (1925). 
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The bulb containing the apparatus was of Pyrex glass. The metal parts were 
all made of nickel except the tungsten filament and the tungsten seals through the 
Pyrex. The apparatus was baked out for four hours at 550°C., and the nickel parts 
heated to a bright red heat by bombardment with 1,500 volt electrons from the 
filament, A small amount of mercury was distilled into the bulb, which was then 
sealed off from the vacuum pumps. After sealing off the bulb the pressure of the 
vapour could be determined from the temperature of the metal. 


s 
RESULTS. 


The values of a were observed for electrons with velocities from 0-4 to 150 volts, 
as shown in Fig. 2. From 50 to 150 volts a decreased uniformly, from 22-5 at 50 
volts, and 11-5 at 100 to 4:5 at 150 volts. : 
Above 100 volts the value of a is in good agreement with the values observed 
by Nettleton* for the effective area within which an electron must come to produce 


ionisation. From this it appears that the deflection of a high velocity electron also 
results in the ionisation of the molecule. The rate of increase of the effective area 
becomes less below 3 volts, but no indication was found of the maximum whose 
.existence has been suggested by Minkowski.t The remainder of the curve above 
3 volts agrees quite well with the theory given by Zwickey.t When the field acting 
on the electron is only that due to the polarisation which the electron itself causes 
in the molecule, the value of a varies as K /V', where K is a constant dependi 
on the dielectric constant of a single molecule. _ 
nee ae aoa aa of the absorption coefficient is the free path of the electron 
Ae ea P : a i Shy be seen that the free path is approximately proportional 
ee reat eles me of diffusion, where the velocity of the electron is not 
ne aH results will not be obtained with the assumption of constant 


A more complete account of this investigation of the absorption coefficient for 


mercury, together with ob i 
Srsuirtiag servations on cadmium and zinc, will be published in the 


*L. 1. Nettleton, Proc. Nat i 

: on, Proc. . Acad. Sci., 10, 140 (1924). 
tk. Minkowski, Zeit. f. Phys., 18, 258 (1923), ce 
} F. Zwickey, Phys. Zeit., 24, 171 (1923). 
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DISCUSSION. 


Prof. KE. N. DAC. ANDRADE: Mr. Brode’s Paper is very interesting, not only as confirming 
|e surprising results obtained by Ramsauer with the inert gases, but as showing that other 
f.ses which are not monatomic can exhibit the same unexpected property—namely, that the 
jssorbing cross-section, after increasing with diminishing velocity of the electron, reaches a 
aximum and then abruptly diminishes. We must therefore look for the explanation of this 
ect, not in the peculiar closed structure of the extranuclear electrons of the inert gases, but in 
me more general feature. In this connexion certain differences between Ramsauer’s results 
nd those of Mr. Brode are notewothy. Whereas for hydrogen and nitrogen Ramsauer finds 
c the absorbing cross-section increases as the electron velocity is indefinitely diminished to 


i 


constant value, which in the case of the former is a few times the gas-kinetic cross-section, 
d in the case of the latter very slightly exceeds the gas-kinetic cross-section, Brode finds both 
or them and for other gases an indefinite increase of cross-section down to the lowest velocities 
hich he could employ. If these results are substantiated, it is possible that for all atoms and 
tolecules there is a maximum, but that in the case of nitrogen, hydrogen and the others it occurs 
< such low velocities that it could not be demonstrated. Apart from a subsidiary maximum, 
tobably attributable to a critical potential of the atom in that region of potential, Mr. Brode’s 
tve for cadmium vapour(?) also shows an indefinite increase of absorbing cross-section, which 
(gain indicates that the difference between the curves for hydrogen and helium, say, is not due 
the difference between a diatomic and a monatomic gas. Ramsauer’s work has not, in my 
(pinion, received sufficient attention, and I am very glad that it is being extended in this country. 
he explanation of the maximum is not easy, and, in spite of the attempts of Hund and others, 
|: may be said that it is still to seek. When it comes it will probably throw some light on the 
jroblem of atomic structure. 
| Dr.G.W.C. KAvE: The author has fully realised that for useful measurements to be made 
ic must be possible to eliminate completely all foreign matter and to be able to isolate the tube 
ompletely as occasion requires. I am much taken with the very neat device by which the 
osing stopper can be controlled at will by the heating and expansion of the supporting steel 
Wire. 
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X.—TWO NEW TYPES OF HIGH VACUUM GAUGE. 


By E. Botton Kinc, Duke of Westminster Research Student of Christ oe 
4B Oxford. . 


Read at Oxford, July 4, 1925. 


ABSTRACT. 


in which the individual oscillatio 
ipti re given of a new type of decrement gauge in w L 
are RS ciosrapneals ia a variation of the Pirani gauge, in which no metal is exposed to th 
vacuum, 


HE first gauge is of the decrement type, depending for its action on the oe 
of viscosity with pressure when the latter is such that the mean free pat 
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1.— DIAGRAM OF DECREMENY GAUGE. 
’ 
the gas molecules is of the same 


Fic. 


order as the dimensions of 
essential part consists of silica fibre A (Fig. 1), 


4 cms. long, which is fixed by a small am 
which thus does not vary with changes i 


the apparatus. The 
between 3 and 4, in diameter and 
ount of gold to the silica frame B, the tension, 
n temperature, being about half that required 


Fic, 3.—Tvyricar, Prarr or DECREMENT GAUGE. 
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or breaking. At the centre of this fibre, and at right angles to it, are fixed two 10 
tbres 2-5 cms. long, one on either side of the suspension. The ends of these remote 
j;om the frame are fused into a sphere about 50 in diameter, while the other ends 
re fixed together by a minute amount of iron, which when activated by an electro 
magnet outside the case also serves to start the oscillations of the cross- piece, the 
jamping of which is measured. If the external case is of glass, the frame is held 
\a the cylindrical socket D by the spring E, while if it is of silica the frame is fused 
jarectly to it. Two flat windows, G and F, are fused to the case, the former for 
jbserving and the latter for illuminating the tip of the cross-piece. The gauge is 
(pnnected to the other apparatus at 7, communication with the interior being through 
ne hole H. 
The advantages of this gauge are :— 
, (1) The period of oscillation of the cross-piece is of the order of | sec., which 
|; much longer than that of the usual type of quartz fibre gauge, in which a single 


Fic. 2.—DIAGRAM OF OPTICAL SYSTEM FOR DECREMENT GAUGE. 


fibre about 100m thick and some cms. long is clamped rigidly at one end and the 
yscillations-of the free end observed. Hence, instead of taking the time for the 
amplitude of the oscillations to fall to a certain fraction, and so calculating the 
lamping, a record of all the oscillations can be obtained photographically. This 
was done by the method shown in Fig. 2. Light from the lamp S is focused by the 
jens L on to the tip of the pointer A. This acts as a convex mirror of very large 
curvature, and by means of the microscope objective O a small image of the lamp 
s formed on the photographic plate P after reflection in the right-angled prism R. 
[his prism is slowly rotated during the oscillations by a clockwork motor driving 
through a worm and cog, with the result that damped oscillation curves of the type 
ppown (Fig. 3) are eee on the plate. 

(2) The second advantage of the enuge is that the plane of vibration cannot 
change as in the usual quartz fibre gauge,* and thus the true decrement is always 
»btained. If by chance the cross-piece oscillates in itself, the fact is easily discernable 
on the plate. 

(3) The zero is fixed and the oscillations are not disturbed by external vibrations 


* Zeits. f. Electrochem., 20, 296 (1914) ; Phil. Mag., 47, 32 (1914), and other Papers. 
VOL, 38 + G 
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as in the decrement gauges of Sutherland * and Hogg,t or the Knudsen gauge i 
any of its various forms. 
(4) The gauge, especially the type with a silica case, contains very few metal part 
the presence of which may give rise to considerable absorption of gas at low press 
The theory of the gauge is the same as for all types of decrement gauge—viz 
the relation between the damping and the pressure is given by the equation 


d=KP a/ i 
i 


where dis the damping, P the pressure, M the molecular weight of the gas presen 
T the temperature and K a constant depending on the dimensions of the instrumen 
In the case where several gases are present, the sum of a number of terms must 
taken corresponding to the partial pressures of the various constituents, and we ha 
an equation of the type <4 


K . ee 
Wis (P,VM,+P,.VM,4+ .. -) 


The instrument is not absolute, but must be calibrated against known pressur 
These were obtained by connecting it to a large volume (about 2,000 c.c.), in whic 
small bulbs containing a known amount of gas could be broken by electromagnet 
hammers, thus producing known small pressures. These bulbs varied in volu 
from 0-1 to 0:01 c.c., and, having been accurately calibrated, were filled at a press 
of between 3 and 5 cms. of mercury, which pressure could be measured with a merc 
monometer with a very small error. 

In calibration, the whole apparatus was exhausted and heated to about 300° 
for some hours till it became quite hard. Pure dry oxygen was then let in to abo 
2 cms., and after being allowed to stand over night it was pumped out without extr 
heating. This method was adopted, since the baked out walls of the glass wer 
found to absorb the gas during calibration, while if they were saturated with the g 
which was about to be used this phenomenon did not occur. The apparatus w 
then sealed off from the’ pumps and the bulbs containing oxygen broken one by one. 

When the apparatus is fully exhausted there is still a small damping d, of thi 
oscillations, due to the residual gas and the actual damping of the quartz fibre 
which reduces the amplitude to half value after about 500 complete swings. Sine 
this is always about the same, the latter cause is probably predominant. The figure 
of a typical calibration with oxygen are as follows :— a 


P\/M104 oy 
Pin mms. of Hg ad d—d, P/M 
0 100104 |) OR ee ee ee 
14-60 1:00173 0.00069 0-472 
34-58 1:00262 0-00158 0-457 
54-99 100369 0-00265 ! 0-482 
16:37 1:00463 0-00359 0-472 
100-77 1-00580 0.00476 / 0-472 
125 50 1-00710 0-00606 0-482 
150-69 1.00822 0-00718 0-476 


When these points are plotted they all fall practically on a straight line (Fig. 4). 
* Phil. Mag., 43, 83 (1897). 
{ Proc. Am. Acad., 42, 115 (1906), and 45, 3 (1909). 
} Ann, Phys., 44, 526 (1914) ; Ann, Phys., 41, 1 (1913), and other Papers. 


Two New Types of High Vacuum Gauge. 


O 25 100 125 150 
OP ME 104 (Pin mm. of Hs) 


Fic. 4—CALIBRATION CURVE OF DECREMENT GAUGE. 


© Oxygen Calibration 
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Fic. 5.—CALIBRATION CURVE WITH VARIOUS GASES. 


» Fig. 5. gives points obtained for another instrument, when calibrations were 
ade with three different gases—oxygen, argon and carbon dioxide—and shows 


hat the PVM law is true. The relation was linear for this gauge for values of 
M up to about 0-125 [P in cms. of Hg], which corresponds to a pressure of 


xygen of 2:10-* mm. The lower limit of the gauge for light gas, such as oxygen, 


; 2-10-§ mm., while for a heavy gas, such as mercury, is 1:10-* mm. 


Owing to the fact that any metal in a gauge may absorb or give out gas, thus 
validating results, and also for use with active vapours, it is desirable to have a 
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gauge which contains no metal exposed to the gas. For this purpose a modificatio 
of the Pirani gauge* has been made. This gauge depends for its action on the fa 
that, as the pressure changes the heat loss from the hot filament to the walls changes 
Thus, if the current in the filament is constant, the temperature and therefore th 
resistance changes. In the modification described the filament 1s replaced by 
spiral glass capillary tube A (Fig. 6), whose internal diameter is from 10 to 204 
external diameter from 100 to 200, and total length, when unwound, about 100 cms 
This spiral ends in the larger tubes BB, which are held together by the glass rods CC 
which hold the whole rigid when it is being sealed into the outer case. The spiral 
and the tubes BB are then filled with mercury and form a conducting filament wit 

a glass surface. The resistance of the gauges made varies from 300 ohms to 1,7 


Fic. 6.—DIAGRAM OF MODIFIED PIRANI GAUGE. 


ohms. In practice the gauge is placed in one arm of a Wheatstone bridge, whi 
is balanced when the filament is at about 30°C. above the temperature of the case, 
which is kept in a thermostat. The voltage which must be put across the bridg 
in order to keep it balanced is then used as a measure of the pressure. These gauges 
have not yet been carefully calibrated, but a typical one of 1,562 ohms resistance, 
with the filament at 44°C., needed 15 volts across the bridge at a pressure of about 
0-2mm. To keep the bridge balanced at a pressure of about 5-10-¢ mm. this potential 
had to be reduced to 5 volts. The sensitivity would thus seem to be as great as 
other Pirani gauges, and equilibrium is reached within 30 seconds of switching on 
the current. It is hoped that a fuller account of these gauges may be given later. 

In conclusion I must express my deep gratitude to Prof. Lindemann for originally 


suggesting the two gauges, and to both him and Mr. T. C. Keeley for their continual 
help and advice. 


NoTE ADDED DECEMBER 1, 1925. . 

In the latest decrement gauge with a glass case the cylindrical socket D is 
replaced by a fused silica-glass joint. The metal spring is then not needed. 

DISCUSSION. 

DriiGa Wig Ge KAYE : Mr. King has shown us two or three devices which are likely to be of 
value to the worker on high vacua. In his first device the author has developed a neat technique 
for recording the damping by what might be described as an adaptation of Threlfall’s gravity 
balance. The method of measuring the pressure in an enclosure by sharing with it the contents 
of “ capsules ’’ of gas of known amount is a useful means of avoiding the use of the McLeod 
gauge. As regards the mercury-in-glass-filament Pirani gauge, I wonder whether one of the most 
useful features of the metal-filament Pirani gauge—that of very quick response—would not be 
largely nullified. In my own work with metal-filament lamp Pirani gauges connected to a dis- 


charge tube I have had trouble from electrostatic effects, and I i ine th 
: ? d ; magine that ts 
would still persist with the author’s type of instrument. etc 


* Trans, Am. Electrochem, Soc., 20, 243 (1911), 
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| 
fan APPLICATION OF SPECTRO-PHOTOGRAPHY TO THE MEASURE- 
MENT OF HIGH TEMPERATURES. 
| By I. O. Grirritu, M.A. 
| 

Read at Oxford July 4, 1925. 


ABSTRACT. 


The spectrum of the source is photographed through a neutral wedge placed immediately 
| front of a photographic plate. The curved boundary of the spectrum varies in height, the 
variation depending upon the distribution of energy in the source—i.e., upon its temperature. 
it is assumed that the source radiates as a black body or a grey body, but with certain limitations 
jhe method is applicable to bodies which are neither black or grey. 


|X this note is described an application of photography to the accurate determina- 
tion of the temperature of a luminous body. The temperature of such a body 
can be determined from a knowledge of the ratio of the radiation intensities corres- 
nding to any two wavelengths in its spectrum. Various methods are available 
or measuring these intensities, but for a source which is difficult to maintain in a 
steady state for any length of time, such as the one which the writer has been inves- 
tigating, a photographic method, permitting an almost instantaneous record of the 
spectrum of the source, is extremely convenient. 
If for a source at temperature 7, E, denotes the intensity of radiation of wave- 
length 4 falling on the receiving instrument, in our case a photographic plate, we 
may write 


E,=a, 7 Ere o(A, T) CLUCh ciao Lice 8 a0 Mme acy (1) 


a, is the absorption coefficient for wavelength 4 of the various lenses and prisms 
which the radiation traverses in its passage from the source to the plate, and «, 
represents the emission coefficient of the radiation for wavelength 4. For black 
or grey body radiation, ¢, is a constant depending on the degree of greyness of the 
body and ¢(A, 7) represents Planck’s function. 


For another wavelength /’ 
Ey: =ay: LONE A O(N’, T) 


1 BE). aa — EQ: aries T)dd 
- Bora Pay a. O(a Thal 


If we have a comparison source at a known temperature, T,, then 


She. ah ay. &- O(A, Ts)dd 
Sy A ay. by. O(N, Tan’ 
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where S, denotes the radiation intensity for wavelength A of the comparison source, 
a carbon arc at atmospheric pressure. 


edhe Sid deolk ee) 


: ey a saan: Se AGT 2 

Se Eydi* Sydv (4,47) 4 
Ags, 

where yl, NT) has been written for fae : 


The dispersion d2 and absorption a, of the apparatus intermediate between the 
source and the receiving instrument have been eliminated. It will be noticed that 
the emission characteristic of the source represented by ¢, has also disappeared, 
so that the method is applicable to the determination of the temperature of non- 
black bodies. : 

For the measurement of the ratio of radiation intensities of various wave- 
lengths, the photographic intensities as measured by the density of the photographic 
image are reduced to absolute intensities by means of a neutral wedge,* as suggested 
by Merton and Nicholson.t . 
_.. The light from the source is arranged to fall on the slit of a spectograph, so 
that its intensity in a direction parallel to the length of the slit is constant: In 
front of the spectrometer slit or in contact with the photographic plate is placed 
the neutral wedge with its lines of equal density parallel to the dispersion of the 
spectograph, the absorption of the wedge increasing uniformly in a direction parallel 
to the slit. 

The law of absorption of the wedge is given by 

E=E,, 10-4 oa ER a 
y being the distance measured parallel to the slit between two points corresponding 
to intensities £, E, in the light transmitted through the wedge. The value of the 
constant K which has been found convenient in practice is 1-5 or 3 per centimetre, 


are as the wedge is near the photographic plate or in front of the spectrometer 
slit. . 


The image of the source as it appears on the plate is shown in Fig. 1, the intensity — 
along any ordinate decreasing uniformly in density from top to bottom. The curved 
boundary of this spectrum varies in height, as measured from the reference line, — 
the variation depending upon the distribution of light in the source, the absorption — 
in the apparatus including the wedge, the dispersion of the spectograph and the 
colour sensitivity of the plate. Every plate is standardised by photographing on 
each plate the spectrum of the comparison source. 

After development, the image densities are measured and the distances from 
the zero line to the points where the density has a certain fixed value are recorded, 
so that for any given wavelength we know the value of y corresponding to a certain 
value of log E and 

log E=log E,—Ky Me Oe 
ae The wedge consists either of a wed 
similar piece of clear glass to form a 
between glass plates, __ 

{ Phil. Trans., A, Vol. 216 
of the investigation a Pa 
Astrophysical Observatory 
in connexion with work i 


ge-shaped piece of neutral grey glass cemented to a 
parallel plate, or of a very thin wedge of neutral grey gelatine 


» p. 459, and Phil. Trans., A, Vol. 217, p..237. ‘During the course 
per by Plaskett has been published [publications of the Dominion 
, Victoria, B.C., Vol. 11, No. 12}, in which a similar method is described 
n astronomical spectrophotometry. ; 
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In the same way, for the comparison source which is recorded on the same 
plate 


log E=log S,—Kys eae, i Oe ele Ae ee 
E 
xt log 5 =K(y—y0) A ee mag eS ae 945 


t will be noticed that no characteristic of the plate or of its treatment enters into 
llhis equation, and that E, and S, are measured in terms of a constant intensity E; 
en the one condition that equal intensities of light of the same colour give equal 
lensities on the same plate. 

The actual values of y measured are the distances from the reference line, but 
1s we are only concerned with differences, the fact that the reference line may not 
actually be the line of zero density of the wedge does not matter. 

__ We may write equation (2) in the form 


—y,) —K'(y’—y,/)\= V(A4,T) 
Ky 4s) K (y Vs')=log w(A,a’,T,) . : . . . . ° (7) 


_ The y ordinates are measured on a photometer designed by Mr. G. M. Dobson,* 
in which the sensitive element is a photo-electric cell connected through a high 
resistance to a sensitive quick pericd string electrometer.t Variations in the source 
m illumination and in the voltage applied to the photo-electric cell are eliminated. 


he density of the background or unexposed parts of the plate is automatically 
jallowed for, and all densities can be measured with equally good accuracy. 

As the light does not necessarily fall on the wedge as a parallel pencil, it is 
essential that the measurement of the wedge corstants K ard K’ should be carried 
lout when the wedge is in its actual position in the instrument. A constant source 
of light—viz., a tungsten filament focus bulb—is placed in the position previously 


occupied by the luminous source whose temperature is being measured. The 
intensity is reduced in a definite ratio by interposing in the parallel part of the beam 
a perforated gauze, which is rotated in order to eliminate the effect of any irregu- 
larities in the perforations. Two photographs of the source are taken on a single 
plate, one with and one without the perforated gauze. After each exposure and 
before the plate is removed from the spectograph, a helium tube is placed in front 
of the slit and the lines of its spectrum serve as reference lines. Within the spectral 
range which is utilised (4,000 A. to 7,000A.) the values of K are constant—i.e., the 
wedge is neutral—and in practise a mean value of K of 1-46 per cm, has been taken 
as correct over the effective portion of the spectrum, the wedge being placed in 
contact with the plate. 

_ The y ordinates of an image such as that shown in Fig. 1 can be measured with 
a probable error of 1/20 mm., so that the probable error in the expression on the 
left-hand side of equation (7) is 1/10 mm. This corresponds to a probable error in 
temperature of approximately 40° at 5,000° and 150° at 10,000°. 


* Proc. Roy. Soc. 
+ Iindemann and Keeley, Phil. Mag., 47, March (1924). 


88 Mr. C. H. Bosanquet on 


XIIL.—ON THE BENDING OF CRYSTALS. 
By C. H. BoSANQUET. 


Read at Oxford, July 4, 1925. 


|? was observed by Coblenz in 1903* that slips of rocksalt immersed in 
strong brine at 50°-70° could be plastically bent. This phenomenon was men- 
tioned by R. W. Wood at the British Association meeting in 1923, and has recently 
been investigated by Joffé. Experiments in this laboratory show that slips about 
15 x5 x 1-2 mm. can be bent into a semicircle in hot water or hot brine. 
The distortion may be due to one of three causes :— 
(a) There may be irrotational slip along cleavage planes, all portions of the 
crystal remaining parallel to their original direction. 
(b) There may be alteration in the spacing of the crystal lattice, as in the: 
elastic bending of a rod. 
(c) The large crystal may break down into a number of small undistorted 
crystals, each of which makes a small angle with its neighbours. In this case 
the prismatic spaces between crystals would presumably be filled with a 
in an amorphous state. 
As regards the first possibility, of irrotational slip, the ends of the specimen 
appear to remain perpendicular to the other faces in their vicinity, instead of parallel 
to each other, and this is also true of the general direction of cleavage if a specimen 
is broken in half. The broken ends are not in general flat, but quite appreciably 
cylindrical. 
If the second supposition is true, and bending entails changes of the interatomic 
distances without change of neighbours by the individual atoms, it is difficult to see 
why the slip should not straighten elastically as soon as the forces are removed. 
The third possibility, that of breaking down into undistorted microcrystals, 
thus appears most likely, and it is also favoured by the curvature of the fractured 
surfaces. 
These theories have been tested by X-ray reflexion. In Fig. 1 C is the crystal, 
P the plate, S a lead screen with a wide slit. The anticathode acts sufficiently well 
as a line source without the use of any narrow slits. DB is the direct beam throwing 
a shadow of the crystal on the plate, and RB is the reflected beam. During an ex- 
posure the crystal was rocked through an angle of about 10° to ensure that all portions 
passed through their reflecting angle, 
Owing to the small area of the reflecting faces and the large angle through 
which the crystals were rocked, most of the reflexions, though perfectly clear on the 


negatives, were too faint for reproduction, and all the figures are taken from tracings 
of the negatives, 


* Phys, Rey. (1903), 
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Fig. 2 shows the a and £ lines of Mo reflected from a curved crystal, and the 
josition of the axis of rotation is shown dotted. If the curvature were due to irro- 
ational slip, the reflected lines should have exactly the same size and shape as the 
fpper edge of the shadow, whilst actually they are at least twice as long. This 
indicates that the orientation of the lattice varies from one part of the crystal to 
nother. 

Fig. 3 (A and B) are tracings of two reflexions from broken ends of curved 


| HIG Ie 


ystals ; A was so faint that only the a line was visible. The fact that the reflected 
ines are arcs, instead of short lines of length about equal to the diameter of the 
inticathode, shows that considerable variations of orientation occur among the 
jticrocrystals in a single cross-section, as was to be expected from the shape of the 
racture. The arcs also are portions of circles with centres at the shadow of the 


a 
: 2 aa 


. 


leflecting face, indicating that within the limits of measurement, or rather less than 
| per cent., the longitudinal spacing of the atomic planes is the same along both 
janer and outer edges of the curve. With the same accuracy the radii of the arcs 
greed with the distance between direct and reflected beams obtained with an 
\nbent crystal. 

_ In fact, no crystal gave any reflexion which indicated a change in the lattice 
lonstant, in spite of the fact that the radius of curvature was only of the order of 
ve times the thickness. 


| VOL. 38 H 
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Fig. 4 shows the effect with an unbent crystal. Owing to the fact that thd 
lines were not lengthened by distortion, the intensity is much greater in this case, 
and all four lines in the K spectrum of Mo appear. The length of the lines is entirely 
accounted for by the geometry of the apparatus. } 
The crystals used in the photographs of Fig. 3 were also rotated through 90°, 

so that reflexions were obtained from their edges, the plane of incidence being roughly 
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parallel to the tangent planes of the curved surfaces. The results were indistinguish- 
able from Fig. 4, showing that planes parallel to the plane of bending remain sensibly 
unwarped. Jn 

Fig. 5 shows the effect of limiting the width of the beam by means of a vertical 
slit. Only the shaded portion of the crystal was illuminated, and the shortness of 
the lines indicates that the microcrystals over a small area of the face are sensibly 
parallel to each other. f 

These conclusions are in general agreement with the work of Joffé.* He 


6 cm oy se f 
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is of the opinion that the process of bending consists of the breaking down 
of the crystal into small units, which slip along rhombododekahedral planes, 
and in addition turn through various angles. He makes no suggestion, however, 
as to what is the substance filling up the irregular spaces left between the crystals. 


* Zeit. fur Phys., 22. 


The Bending of Crystals. gI 


if he slip, then, behaves as if it consisted of a number of small perfect crystals embedded 
a very viscous fluid, presumably amorphous NaCl. The action of the hot liquid 
jn bending is probably the prevention of the formation of cracks. If a minute 
jissure forms it will immediately be filled with NaCl solution saturated with respect 
jo plane surfaces, and supersaturated with respect to concave surfaces, so that 
|;olid will be deposited in the crack at the point of maximum stress. The result of 
his will be that the tensile strength will be enormously increased. Joffé and 
|_ewitsky * find that the tensile strength of a certainspecimen was 450 g. per square 
jmm. dry, and more than 4,000 in water, the elastic limit being 920 g. per square mm. 
The tensile strength when diy is independent of temperature, and the elastic limit 
jlecreases with temperature until they become equal at about 200°. 

\ These results all appear to be in accordance with the theory outlined above. 


* Zeit, fur Phys., 31 (1925). 
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DEMONSTRATION OF THE KINETIC PROPERTIES OF A GAS JET. 


By Dr. J. S. G. THOMAS, 


"THE demonstration was designed to illustrate the Bernoullian property of a gas. 
jet, which has a central region of low pressure. Gas discharged through 
large orifice from a gas cylinder was employed. 

(a) The jet was directed downwards on to a plate, and it was shown that 
ping-pong ball, instead of being blown away when placed on the plate, takes up a 
position of stable equilibrium at the centre of the jet. The stability was demon- 
strated by inclining the plane on which the ball was supported: a considerable 
inclination fails to dislodge the ball. When brought near the orifice the ball fli 
up to this and adheres to it. 

(6) The jet was directed upwards and a toy balloon thrown into it. The 
balloon then rested in stable equilibrium at a considerable height above the jet, 
and the equilibrium persisted even when the jet was inclined to the vertical. On 
insertion of the operator’s hand into the jet so as partly to shield the balloon, the 
latter appeared to be attracted towards the hand ; this phenomenon afforded an 
illustration of Le Sage’s theory of gravitation. 
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